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PREFACE 


This book has been written to serve as a fundamental text in the 
fields of thermodynamics and heat power The presentation is 
believed to be sufficiently rigorous and complete to satisfy the student 
and to serve as an introduction to more advanced topics that may be 
given in later courses 

Although ample material is included for a course that extends 
through three semesters, each containing four recitation periods a 
week, it IS most probable that the book will be used for a two-semester 
course m thermodynamics Because of this probability, many of the 
chapters have been developed as separate entities to allow the teacher 
freedom of presentation and rearrangement The custom of supplying 
only the exact material that the student must master in order to satisfy 
the minimum requirements of the course is deplored by the author. 
In this text each chapter is more than sufficient for the undergraduate 
requirements and the arrangement of material encourages the student 
to progress beyond the borders prescribed by the teacher The author 
believes this method of presentation is superior to the older method, 
which relegates advanced topics to separate chapters that become 
unused appendixes to the book 

The text material should be entirely sufficient for the undergraduate 
curriculum without the necessity for further specialized courses on par- 
ticular phases of engineering To those who disagree with this view- 
point it 18 suggested that the text be supplemented by the engineering 
gmdes and technical preprints to form not only a complete textbook 
for the beginner, but also the pattern of study followed by the success- 
ful engineer 

The author also suggests that no justification exists for separate 
courses in thermodynamics and heat power These subjects should be 
combined into one course with at least two textbooks Then, as the 
student is introduced to the First Law, for example, the illustrative 
material that is found in the heat-power textbook can be used to full 
advantage to supplement the thermodynamic principles. A single 
textbook for such a course is impractical because the size would be 
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excessive, and undesirable because a line of demarcation does exist and 
should be clearly evident to the student 

The reasons for writing the book are many The first objective is 
to present and emphasize certain essential material that must be 
thoroughly understood by the practicing engineer, since most students 
will not in later hfe be research workers or teachers. To accomphsh 
this purpose the text stresses real machines, flow processes, properties 
of fluids, and the conditions where simphfied analyses can be apphed. 
Nothing in this procedure will adversely affect a future graduate 
student 

The second objective of the text is to emphasize the continuity of 
thought leading to the Second Law To accomplish this purpose, the 
First Law, its applications, and its limitations are stressed before the 
Second Law is introduced, while study of the characteristics of fluids is 
delayed until after the significance of the concepts of temperature and 
entropy is presented It is not intended that the first five chapters be 
exhaustively coveied in the classroom even though complete masterj^ 
of these subjects is a necessary part of thermodynamics 

The thud objective of the text is to show that for many real fluids 
and for many real processes the simple perfect-gas laws are an ade- 
quate and most desirable means of analysis, at least for engineers who 
use slide rules for computations To accomplish this purpose the 
properties of real fluids are presented and approximate solutions are 
studied before the concept of a perfect gas is introduced, moreover, 
comparison between real and perfect gases is stressed 

The kinetic theory is used as a logical means for introducing the 
student to the characteristics of real gases Although thermod5mamics 
does not need the kinetic theory for this introduction, still there is no 
reason for denying to the student this help in understanding a complex 
subject 

The flow of fluids has been emphasized because the problem of fluid 
flow is one of the most usual tasks that the practicing engineer is called 
upon to treat, for the same reason, irreversible processes are stressed 
Necessarily, then, the subject matter becomes somewhat difficult to 
master, yet the student must learn more than the abihty to use a slide 
rule if he is to understand thermodynamics 

The introductory chapter on dimensions and units is included 
because junior engmeenng students do not understand this subject 
The importance of this hidden half of the problem is emphasized by 
making it the first chapter of the text It is regrettable that a chapter 
of this type must be included in a junior engineering text, but the 
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author feels that this fundamental material must be available to the 
student at the start of the usual sequence of thermodynamics and heat 
transfer It is not intended that this chapter be exhaustively covered 
Many persons have directly or indirectly contributed to this book 
The aid and encouragement of Herbert S Philbrick, Emeritus Pro- 
fessor of Thermodynamics, Northwestern University, was particularly 
appreciated The author wishes to thank and acknowledge indebted- 
ness to his colleagues who gave so generously of their time and advice: 
Irwin T Wetzel, William H Roberts, and Donald R Diggs used the 
mimeographed text in their classes and helped in the revision made 
necessary by teaching experiences, Irwin T Wetzel and George M 
Brown critically reviewed much of the final manuscript, Harrison 
Hayford, of the Northwestern University English department, was 
the editorial advisor, Willard L. Rogers, Joel F Bailey, Virgil C 
Williams, and Dean Ovid W Eshbach gave advice on specialized 
subjects The illustrations were drawn by Raymond Dost. The 
typing of the manuscript vas in the able hands of Kathenne Kropf 
and Marcya Puster, although the author’s sister, Ethel, and his wife, 
Helen, contributed greatly and also typed the first copy from the 
handwritten draft 


Evanston, III 
June, 1948 


Edward F Obert 
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CHAPTER I 

SURVEY OF DIMENSIONS AND UNITS 


Before attempting a study of engineering, the dimensions and units 
to be encountered must be thoroughly understood Dimensions are 
descriptions that allow more complicated situations to be described m 
terms of simpler, more basic definitions 

1-1. Dimensions. A dimension can be defined as a name describing 
certain qualities or characteristics of an entity In this sense all 
names are dimensions, and an infinite number of dimensions is possible 
To reduce this number, certain descriptions may be expressed in terms 
of other more basic descriptions (dimensions) For example, length, 
area, and volume are dimensions describing certain characteristics of 
an object. But since an area can be conceived and measured as a 
length squared, and a volume as a length cubed, in place of these 
dimensions all these descriptions can be stated in terms of some funda- 
mental dimension, m this case, length In equational form, 

[A] = [L^] (a) 

[T1 = [lA ih) 

The bracket is used to identify a dimension, and the above equations 
should be read 

p]q (a) The dimension of area is equivalent to the dimension of 
length squared 

Eq (b) The dimension of volume is equivalent to the dimension of 
length cubed 

By following this procedure, a large number of dimensions can be 
reduced to a much smaller number of fundamental^ basic, or primary 
dimensions All other dimensions expressed in terms of these funda- 
mental descriptions are known as secondary or derived dimensions. In 
the foregoing example, area and volume have derived dimensions in 
terms of the fundamental dimension of length. 

1-2. Engineering Units for the Fundamental Dimensions. While 
a dimension is a descriptive word picture, a unit is a definite standard 
• 1 
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or measure of a dimension. A unit can be defined as a particular 
amount of the quantity to be measured For example, foot, yard, 
inch, rod, and meter are all different units specifying different but 
definite lengths, while the common dimension of all these units is 
length. 

The units commonly used in engineering are defined as follows 

Time, The second (sec) is the fundamental unit of time and is 
defined as 1/86,400 part of a mean solar day. 

Length. The foot (ft) is the fundamental unit of length and is 
defined as i yard (yd) where the yard is 3,600/3,937 the length of the 
meter (m). The meter is the distance between two lines, measured at 

0 degrees centigrade, on a platmum-iridium bar that is kept at the 
International Bureau of Weights and Measures at Sevres, France A 
meter is equivalent to 100 centimeters (cm) 

Mass. The 'pound (avoirdupois) (Ibm) is the fundamental unit of 
mass and is defined as 453 6924277 grams (g) The kilogram (kg) by 
international agreement is a certain basic mass of platinum-iridium 
located m Sevres, France The slug is defined as the mass that can be 
accelerated 1 ft sec“^ when acted upon by a standard force pound (lb/) 

1 slug is equivalent to 32 1739 pounds mass (Ibwi) 

Force. The standard force pound (lb/) is the fundamental unit of 
force and is defined as the force necessary to accelerate the mass 
pound (Ibm) at a rate of 32 1739 ft sec'^ The poundal is defined as the 
force required to accelerate the mass pound (Ibm) at a rate of 1 ft 
8ec“^. It is not in common use 

Acceleration of Gravity The standard acceleration of gravity (by 
international agreement) is = 32 1739 ft sec“^ = 980 665 cm sec“^ 
The local acceleration of gravity will be designated by the symbol g 

Upon examination a serious fault appeals m the above list of units 
The name pound is assigned to the fundamental units of both mass and 
force; yet obviously a pound of mass is an entirely different type of 
thing from a pound of force To overcome this difficulty the terms 
force pound (or pound force) and mass pound (or pound mass) will be 
used and abbreviated lb/ and Ibm for identification 

1-3. Dimensional Systems with Three Fundamental Dimensions. 
A dimensional system that will completely describe the events that 
occur in the science of mechanics can be constructed from the funda- 
mental dimensions It would appear that the dimensions of time [ 6 ], 
length [L], mass [M], and force [F] would be the minimum number of 
basic dimensions necessary to form a complete dimensional system. 
But for one of these four descriptions it is possible to find derived 
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dimensions by using Newton’s law, namely, 

Force mass X acceleration 
This proportionality can be written in equational form as 

F = Cma 


where C is a constant If it is desired to express the equation without 
the constant, for dimensional equality 


[F] = [MM 


(a) 


Now acceleration need not be a primary dimension because it can be 
measured m terms of length [L] and time [B] 

Velocity [V] = 

and 


Acceleration [a] = S = 

[pj Ip J 


[Le-^ 


Substitution in Eq (a) gives 

[F] = [M][Le-^] = [ML&-^] 

Thus, the fundamental dimension, force [F], can be given the derived 
dimension of ML6~^j and thereby a system of dimensions can be con- 
structed involving only mass [Af], length [L], and time [0], This is 
called the MLS system of dimensions 

In the MLB system, the English units are the pound mass [M]y the 
foot [L], and the second [B] With these units substituted in the 
Newtonian equation 

F = TTia 

(1 unit force = (1 pound mass [M]) (^) 

[MLB-^] = [MLB-^] 

This equation is dimens%onally homogeneous because each term of the 
equation has the dimension MLB^^, Here the unit of force has 
derived dimensions, and it is called the poundaL The size of the 
poundal must satisfy Eq (b) The poundal ts the force required to 
accelerate 1 pound mass at the rate of 1 ft sec~^ It must be remembered 
m using this system that 

1 poundal = -■ 

sec* 

However, the poundal is rarely used. 
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An alternative system can be constructed by allowing the New- 
tonian equation to define the dimensions of mass. 

F = ma 

M - w - A - '"-''I 

Here the fundamental dimension of mass is given the derived dimen- 
sion of and a system is constructed that involves only force 

[F], length [L], and time [0] This is called the FLO system 

In the FL6 system the English units are the pound force [F], the 
foot [L], and the second [0] These units can be substituted m the 
equation 

F = ma 

(1 pound force [F]) = (1 unit mass [FL-^d^]) 

[F] = [F] 


Here the unit of mass has derived dimensions of FL~^6^y and it is 
called the slug The size of the slug is determined by Eq (c). The 
slug IS the mass that can be accelerated 1 ft sec~‘^ by a force of 1 standard 
pound force. In using this system it must be remembered that 


1 slug = 1 


lb/ sec^ 
~ft” 


1-4. Nonunitary Homogeneous Equations and the Conversion of 
Units. Equations are often used to show the relative size of different 
units* 

5,280 feet = 1 mile 
[L] = [L] 

3,600 seconds = 1 hour 
[6] = [0J 

Inspection of these equations shoA\8 that they are dimensionally cor- 
rect because all terms have the same dimensions However, the 
equations do not have unitary homogeneity because the terms are 
expressed m different units Because of this nonhomogeneity, there 
are some who prefer to show the equality in the form of a dimensionless 
ratio that has a value of unity 


ft 
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These unit conversion factors can be used as multiplying factors 
because it is always permissible to multiply (or divide) by unity. 

Example 1 : Convert 88 ^ to miles per hour (mph). 

Solution: From Table I (Appendix) or from memory select the appropriate 
umt conversion factors, namely, 

6,280 ^ 3 , 600 ^ 

^ mile ' hr 


Now arrange these factors of unity to cancel the units of feet and seconds 

= 60 mph Ans 

jwC 5,280itr hr 5,280 hr ^ 


Example 2 ; Repeat Example 1 but use the definmg equations 
Solution; Substituting 


in 88 results in 
sec 


88 


ft 


« 88 


5,280 ft 
3,600 sec 


= 1 mile 
= 1 hr 


lit ^ 5,280 


mile 


1 sec 


1 


88 


3,600 


hr 


3,600 mile 
5,280 hr 


= 60 mph 


Ans 


Both the pound al and the slug can be expressed as unit conversion 
factors, consider first the slug By definition, 1 standard pound force 
will accelerate 1 slug mass at the rate of 1 ft sec”^ ^ ]t will also accelerate 
1 pound mass at the rate of 32 1739 ft sec““ (Art 1-2) It follows that 
the slug IS a definite quantity of mattei of size 32 1739 times that of the 
pound mass Therefore, it is permissible to write 


1 slug = 32 1739 Ib^ 

where the dimensions are conceived to be 


[M] = [M] 

and also 

32 1739^^ = 1 (a) 

In similar manner recall that, by definition (Art 1-2), 1 standard force 
pound will accelerate 1 pound mass at the rate of 32 1739 ft sec"^, a 
poundal will accelerate 1 pound mass at the rate of 1 ft sec“^ Con- 
sequently, the poundal is a definite force of size 1/32 1739 that of the 
standard pound force Therefore, it is permissible to wnte 


32 1739 poundals = 1 lb/ 
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where the dimensions are thought of as 


[F] = [F] 

and 

32 1739 - 1 (i) 

lb/ 

Equations (a) and (6), like the factors of feet and mile, second and 
hour, are umi conversion factors 

1-6. The Engineering Dimensional System. Although it is recog- 
nized that a dimensional system can be constructed from only three 
fundamental dimensions, nevertheless, in engineering a system involv- 
ing four fundamental dimensions is in common use It is called the 
FMLd system of dimensions. In this system the unit of force is the 
pound force [F]; the unit of mass is the pound mass [i/], the unit of 
length is the foot [L] , and the unit of time is the second [0] The pro- 
cedure m constructing the dimensional system can be illustrated as 
before by the Newtonian equation 

F ^ mass X acceleration 


This proportionality can be written as an equation: 


and 


F __ ma 


F 


1 

m'a' 


ma 


F' 


(a) 

(b) 


Equations (o) and (b) are dimensionally homogeneous for any system 
of units 

Recall that, by definition, 1 lb/ will accelerate 1 Ihm at the rate of 
32.1739 ft sec“2, and substitute these values in Eq (a). 


F 

1 lb/ 


ma 


32 1739 lb. 


ft 

sec^ 


Upon rearranging, as m Eq (i), 


F = 


1 

32 1739 


Ib^ft 
lb/ sec^ 


ma 
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which is usually written 

F = — ma (c) 

ffc 

Here ge is called a dimensional constant' 




[gc] = 



Note that gc is not the acceleration of gravity because it has dif- 
ferent dimensions (although the number 32 1739 is equal to that of the 
standard acceleration of gravity) 


Example 3 : Determine the force necessary to accelerate 10 Ibm at the rate of 
10 ft sec”® 

Solution : In the engineering system, the dimensions of force, mass, and acceler- 
ation are related by the equation 


and 


F 


1 

= -- ma 


F = - lo;b„ lOXseC”’ 

ffe 

— lOQ ft sec~^ 

32 1739 Tp~ 
lb/ 

■= 3 105 Ib/ Ans, 


Example 4 Determine the force exerted by 10 ib», lieiause of the attraction of 
gravity at a location where g — go 

Solution 


F ss — mo 
ge 

= i 10 lb„ g, 

321 TSgirsefe-’ilC 


32 1739 
10 lb/ 


lb/ jsec* 
Ans 


Inspection of Eq (c) 


F = 


1 

— ma 
gc 


shows that the dimensional constant gc can be used as a dimensional 
conversion factor* 
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The dimension of mass can be eliminated from a quantity by 
dividing by gc] the dimension of force can be eliminated from a 
quantity by multiplying by Qc 

Example 5; Ehminate the dimension of force from 5 00(10"®) lb/ ft”* hr. 
Solution : The easiest solution is to multiply by Qc and 3,600 ^ 

(5 00) (3,600) (32 1739) (lO-) - 57 9(10-‘) 5 ^ Ans 


(Of course, the answer could have been found m units of Ibm/ft hr ) 

It has been demonstrated that a four-fundamental-dimension sys- 
tem can be constructed for the engineering units of pound mass, pound 
force, foot, and second The same reasoning can be used to devise a 
system of four fundamental dimensions employing as units the slug, 
pound force, foot, and second (or a system employing the poundal, 
pound mass, foot, and second) It will be found that the dimensional 
constants for the English systems of units are 

_ *19 1 790 Ibm ft ^ , slug ft ^ Ibm ft 

' ' lb/ sec- Ib/ sec^ poundal aec^ 


Tabi.k 1-J — Dimbnstonai Symtbms ano Units 




Name of systems 


Quantity 

j 

Absolute 

Englush, 

MLe 

Absolute 

metric, 

MLe 

Technical 

English, 

FLe 1 

1 

Engmeering 

English, 

FMLe 

Length 

foot 

centimeter 

foot 

foot 

Time 

second 

second 

second 

second 

Mass 

pound mass 

gram 

slug 

pound mass 

Force 

poundal 

dyne 

pound force 

pound force 

Power 

foot 

poundal/sec 

erg/sec 

foot lb/ /sec 

foot lb/ /sec 

Energy 

foot poundal 

erg 

foot lb/ 

! foot lb/ 

Dimensional constant gr 

i 1 lb,„ ft 

1 g cm 

1 slug ft 

32 1739 lb„ ft 

1 poundal sec® 

dyne sec* 


lb / sec* 


1-6. The Dimensional Constant as a Unit Conversion Factor. 

Although the dimensional constant gc acknowledges the existence of 
four fundamental dimensions, still, Newton’s law shows that only 
three basic dimensions are necessary for a complete dimensional 
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system Because of this fact the dimensional constant can always be 
treated as a unit conversion factor In other words, the units for the 
dimensional system bear a definite relationship to each other, and this 
relationship is established by Newton^ s law whether or not a fourth 
basic dimension is premised For example, there are 32 1739 Ibm 
(units) in 1 slug (unit) of mass, this is shown by the unit conversion 
factor 

32 1739 = 1 (a) 

slug 

The equivalent units for the slug, by Newton^s law, are 


1 slug = 1 


lb/ sec^ 
""ft~” 


When this factor is substituted in Eq (a) the result is 


32 1739 


Ibm ft 
lb/ sec^ 


= 1 


and this is recognized to be the dimensional constant gc Thus, the 
philosophy of this article shows that gc can be considered to be a unit 
conversion factor with absolute value of unity For this reason ge can 
be used at will as a multiplying or dividing factor irrespective of the 
origin of the quantities that are to be operated upon In Example 5, 
gc was considered to be a dimensional constant that was used to 
elrninate an undesired dimension, it could also be considered that gc 
was merely a unit conversion factor that eliminated an undesired unit 
Whether gc is regarded as a dimensional or unit conversion factor is 
relatively unimportant, for the same result will be obtained from either 
viewpoint In this text gc is used, most often, as a dimensional 
constant 


1-7 Other Dimensional Systems and Units. ^ The English system of units in 
the MLfi system has a metric prototype called more often the absolute cgs system 
Here the unit of length is the centimeter, the umt of mass is the gram, and the unit 
of time IS the second The force unit, like the poundal, is expressed m derived 
dimensions . 

F =“ ma 

(1 dyne [MLr*]) - (1 g [M\) 

The dyne is defined as the force required to accelerate 1 gram mass at the rate of 1 cenit^ 
meter second”* In using this system it must be remembered that 

1 j 1 K cm 

1 dyne “ 1 - — r 


‘ This paragraph is included because of the complexity of Table IV (Appendix) 
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The unit of energy m this system is called an erg and is defined as the product 
of unit force actmg through umt distance 

1 erg =* 1 dyne X 1 cm — 1 dyne cm 
A larger unit of energy is called the joule 

10^ ergs =» 1 joule (a) 

The unit of power, which is the energy expended in unit time, is the watt 

1 watt = 1 (6) 

sec 

The measurement of basic electromagnetic quantities and the dimensions of 
units are based on three experimental laws Coulomb’s law for the force action by 
charged bodies, Ampbre’s law for the force action between current-carrying con- 
ductors, and Faraday’s law of induction The units derived are theoretical or 
so-called absolute electrical units because they are related to the cgs system of 
units in mechanics 

Physically, all electromagnetic phenomena may be thought of as arising from 
the existence of electric charge, the word charge defining a new entity It is known, 
however, that the smallest particle of matter that has ever been identified is a 
negative c harge called an electron A much larger quantity of charge is called the 
coulomb and careful measurements show that the theoretical coulomb is equivalent 
to 6 2422(10)^® electrons The displacement of charge gives rise to an electric 
current and the unit, the ampere, is defined as the flow of 1 coulomb of charge per 
second (Conversely , from Ampere's law a coulomb may be defined as an ampere 
second ) The lelationship that exists between the units permits of defining the 
unit of potential, the volt, in terms of eneigy and charge Thus, a potential dijjei- 
ence of 1 volt exists when 1 joule of energy is expended m the transfer of 1 coulomb 
of charge ^ 

Since eneigy is expended m the transportation of electricity, a resistance to 
flow must be present The umt of resistance is defined as the oAm A resistance 
of 1 ohm exists when a potential difference of 1 volt is required for the flow of 
1 ampere of current This relationship results from Ohm’s law 

Until recently,^ for purposes of measurement and stand irdization an inter- 
national system of electrical measurements defined the legal standards 

The international ampere is defined as the current that will deposit silver at the 
rate of 0 (X)l 11800 gram per second 

The international ohm is defined as the resistance at 0 degrees centigrade of a 
column of mercury of uniform cross section having a length 106 300 centimeters 
and mass 14 4521 grams 

The international volt is defined as the voltage that will produce a current of 
1 mternational ampere through a resistance of 1 mternational ohm 

Because of these definitions, the international (mt) units are slightly different 
in size from the theoretical or absolute units For example, measurements show 
that 

1 mternational ohm = 1 000496 absolute ohms 

1 mternational volt = 1 (X)0330 absolute volts 

1 international ampere 0 999835 absolute ampere 

^ National Bureau of Standards Circular C459, May 15, 1947 
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1 - 8 . Weight. Because the word weight is used in two different 
senses, some confusion has arisen (1) Weight is the term used to indi- 
cate the mass or quantity of matter in a body (an unfortunate usage) 
(2) Weight is the force exerted on a given mass by the gravitational effect 
of the earth (a better usage) When a body is ^Veighed'^ on a beam 
scale, it IS directly balanced by a known and presumably calibrated 
mass, this ^'weighing operation” is a measure of the mass in the body 
because the attraction of gravity on both the knowm and unknown 
masses is equal On the other hand, w^hen a pound mass is weighed 
on a spring scale, the deflection of the scale will be governed by the 
local value of the attraction of gravity The weight will be 

F = — ma 

Uc 

= J U 

yc 

w = ^ {I lb„) 

Qc 

(and this w^eight is m standard pound force units) When this method 
of weighing is made at a location where g = <70, the mass of 1 pound 
will exert a force of 1 standard force pound (by definition) If g is 
greater than go a greater force will be exerted, and it will be so indicated 
if the scales have been calibrated at a region where g = go 

In most engineering w^ork the problem of spring scales will not be 
a factor, but it is not unusual to use a mass as a weight For example, 
consider a heavy piston fi ee to descend in a vertical cylinder filled with 
gas, the force exerted by the mass of the piston on the gas will vary as 
the location or altitude of the cylinder is varied This force in stand- 
ard force pound units is 

g 

w = — m 

9c 

where 

in lb/ = — X m in Ib^ 

Qc 

In some instances the gravitational force exerted by a mass of I 
pound at a location where the acceleration of gravity is g is called a 
gravitational pound force This unscientific unit must be multiplied 
by the ratio g/go if the force is to be reported in standard pound force 
units 

Note again that a mass of 1 pound measured on a conventional 
beam scale is precisely 1 pound mass, but the force exerted (the weight) 
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18 usually not I standard pound force because of the multiplying factor 

oil = I 

Qc go 

Throughout this text the symbol w will denote weight in standard 
force pound units, 

1-9. Derived Dimensions and Units. Derived or secondary dimen- 
sions wiJ] be constructed as the need for such descriptions becomes 
necessary 

Density is defined as the mass contained m unit volume The symbol for 
density in anv units will be p, and dimensionally 


Density is measured m units of pounds mass per cubic foot (lb„/ft*) and fre- 
quently in units of slugs per cubic foot 

Specific gravity is defined as the ratio of the density of a substance to the 
density of a selected reference material under prescribed conditions The refer- 
ence density is usually that of water at 39 F or at 60 F (Table III, Appendix) 
Note that a ratio is dimensionless 

Specijic volume, the volume occupied by unit mass of material, is the name 
given to the inverse dimensions of density The symbol of designation is v, and 
the dimensions of v are 

- 'm - [i] - 


[LW-»] 


Usually the engineering units are m cubic feet per pound (ftVlbm) 

Example 6: Density (p) is defined as the mass contained in unit volume 
Specific weight (7) is defined as the weight of the mass contained m unit volume 
Investigate the relationship of these terms m the FMLB and FLO systems 
Solution : 

FMLB Sysiem 

F = — ma 
Qc 


and at locations where g — Qq 


or numerically 7 equals p (at the specified location g — go) This equality is 
convenient, for example, water at 68 F has a density of 62 305 Ibm ft“* and weighs 
62 305 Ib/ft"* (unless g ^ go) These units and dimensions are of everyday 
experience 
FL6 System 

F “ ma 
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under standard conditions, or numerically y is 32 1739 times p Usmg the same 
figures as before, the density of water in this system is 


62 305 
32 1739 


1 936 slugs ft~‘ or j 


and the specific weight is 


7 « 62 305 lb/ ft'* 


Viecosity of a fluid is a measure of its resistance to shear, and thus it is a measure 
of the internal friction of the fluid to flow In a ‘perfect fluid the viscosity would 
be zero Consider two parallel plates close together and in motion relative to 
each other (Fig 1-1) Fluid in contact with the upper plate will move with 




^ 


1 

1 


z 

1 

1 


1 

* 

y 
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tiG 1-1 Velorit> gradient from viSLosity 


velocity V while fluid adhering to the lower plate will have zero velocity relative 
to the upper plate Kxpenmental tests show that the shearing stress is propor- 
tional to the velocity gradient 


F 

A 


dz 

A 


where F is the force applied to the plate of area A to maintain velocity V and la 
a dimensional constant called the viscosity or coeflicieni of mscoszty Dimensionally, 

FI ^ FI „ 

“ [A][dV/dz] F»l(l/«] ^ 

The subscript / will be used to designate force units for viscosity In mass units 

Mm =** M/ffc 

Various units for viscosity are in use Conversion factors are listed in Table I, 
and values of viscosity are listed m Table III (Appendix) 

Pressure is defined as the mtensity of a force and is evaluated as the force 
exerted on unit area The symbol to designate pressure in any units will be p and 
dimensionally 

bl-gj-IK-l 

The engineermg unit for pressure is standard pounds of force per Square mch 
(lb//m *, or psi) In most equations, pounds per square foot will be used (lb//ft*) 
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The UBual pressure-measuring mstruments measure the pressure either above or 
below the atmospheric condition^ and such pressures are called gaiige pressures 
The absoluie pressure is the algebraic sum of gauge and atmospheric pressures 
If a vacuum is reported as 28 m of mercury with a barometric pressure of 30 m 
of mercury, the absolute pressure is 2 m of mercury For some work the unit of 
pressure is taken as the standard atmosphere^ which is defined as the pressure 
exerted by a column of mercury 760 millimeters in height and havmg a density 
of 13 595 grams per cubic centimeter when located in a region where the acceler- 
ation of gravity is standard 

1 atrn = 760 mm Hg = 29 92 m Hg = 14 696 psi 

Various pressure-measuring mstruments are detailed m Table IX (Appendix) 
and also in Chap IX 

1-10, Temperature. If a hot and a cold body are placed in contact 
with each other, a state of thermal equality will eventually be reached, 
and both bodies are then said to be at the same temperature The 
concept of temperature is obtained from the sensation of warmth or 
cold experienced upon touching an object Temperature is a funda- 
mentaT dimension and, like force, can be considered to be a potential 
or driving factor that can cause a change from the existing conditions 
The dimension of temperature will be indicated in the usual manner by 
brackets and capital letter [T] Qualitatively, it is easy to recognize 
a ^^hot” or a ‘‘cold” body, but the quantitative measurement of the 
degree of hotness is a difficult mattci. For this leason, paiticular 
conditions of pure compounds under prescribed limitations are arbi- 
trarily assigned a definite temperature, for then this thermal level can 
be readily reproduced For such reproducible thermal states, the 
temperature on any arbitrary scale will be indicated by the letter t 

By international agreement, 0 degrees on the centigrade scale (/ = 0 C, ice 
point) IS specified to be the temperature when equilibrium exists between pure 
ice, air, and water at a pressure of 1 atmosphere This point corresponds to 
32 degrees on the Fahrenheit scale {t = 32 F) Similarly, when pure water is m 
equihbnum with its vapor at a pressure of 1 atmosphere, the temperature is 
arbitrarily designated to be 100 degrees centigrade {t — 100 C, steam point) j and 
the steam point corresponds to 212 degrees Fahrenheit (f = 212 F) This pro- 
cedure has determined two fixed and reproducible thermal levels, but a means 
must be provided to indicate any intermediate point that might be encountered, 
and such an indicator is called a thermometer The familiar mercury-m-glass 
thermometer mdicatea temperature as related to the thermal-expansion properties 
of the mercury and glass The mercury thermometer can be calibrated m an ice 
bath to read 0 C and m a steam bath to read 100 C, and the mterval between 

^ The student will note that fundamental dimensions cannot be clearly 
explamed, mass, force, time, length, and temperature are words that define thmgs 
we sense to be different from each other. 
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these two points on the scale can be arbitrarily divided into 100 equal divisions 
or degrees A reading of 38 C has no meaning, other than showing how mercury 
and glass expand If a different substance from mercury were enclosed in the 
glass tube and this thermometer were then calibrated m the same manner, it 
would be unusual if this new thermometer should mdicate exactly 38 C when 
immersed with the mercury thermometer m the supposedly 38 C medium How- 
ever, either thermometer would act as an indicator of the degree of hotness, and 
each in itself would reproduce a defimte number when m equilibrium with a 
definite thermal state Until a more rigid definition of temperature can be given 
(Chap V), let it be understood that the same kind of thermometer will be used 
for all temperature measurements m order that these measurements shall be 
comparable 

Many properties of materials can be used to give reproducible indications of 
relative thermal states The properties commonly used are those 

1 Volume expansion of solids, liquids, and gases nieasurod at constant pressure, 

2 Pressure exerted by gases as measured at constant \ olume, 

3 Electrical resistance of materials, 

4 Vapor pressure of liquids, 

5 Thermoelectricity 

The problem is compheated by the fact that it is difficult if not impossible to 
select a material that will serve as a thermometer over a wide range of ttunpera- 
tures The ordinary mercury-vn-glass thermometer, for example, fails at the hot 
end of the range if only because the glass container may start to melt (900 to 
1400 F) and fails at the cold end because the mercury freezes (—38 F) 

The measurement ol temperature is also discussed in Table IX (Appendix) 
and in Chaps V and IX 

1-11, Dimensional Analysis, Since a dimension describes a meas- 
urable quantity, an equation made up of dimensional terms can be 
visualized as a description oi summation of a more compheated event 
A dimensional system is invanably used to ensuie that equations are 
dimensionally homogeneous, and a check of the correctness of an 
equation is to test this homogeneity If an event is kIlo^^n to be 
dependent on certain variables, it should be possible to pi edict the 
arrangement oi these variables from the pnnciple oi dimensional 
homogeneity of equations 

For example, considci the time of swing of a pendulum Tlie variables (the 
dimensions) describing the swing appear to be as follows 


Variables (dimensions; 

1 

Symbol 

1 Dimensional formula 

Time of swing 

I 

e 

191 

Length of pendulum 

l 

[L] 

Mass of pendulum 

m 

\M] 

Acceleration of gravity 

9 


Amplitude of swing (radians) 

a 

1 

None 
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To find the tune of awmg (0) let 


B = f(lmga) 


where / la any functjon of these four variables For dimensional homogeneity 
the dimension of 6 must be equal to that of f(lmga) 

W - Uilmga)] 

[$] must equal IL][M][L9~^\ 

Only one term mvolves the dimension of mass, then, this term is irrelevant, or 
else some other factor mvolvmg mass has been neglected Assummg that this 
latter possibility is not true and droppmg the mass variable, 


[e] must equal [L] 


IM 

IB? 


To cancel the dimension of length, one term must be mverted 

10} must equal [L] Tyr 


[e] 


([j^y 


V [L] 

The answer, for dimensional homogeneity, is 

IT 


4 


fM 


where /(a) must be determmed experimentally 

The same problem can be handled quite mechanically by the followmg pro- 
cedure 

W = lLi“[AfinLa-*V 

Simultaneous equations can be used to solve for a, h, and c 


2:0 

SL 

XM 


1 

0 

0 


-2c 

+ c 


or 

or 

or 


c 

a ‘ 
h = 


— c « 




b or 6 0 

Hence, b » 0 and m is not a factor (or some other factor was neglected) 

0 = l*r*/(a) 

« - 4fM 

which, of course, is the same answer as before 

It should be carefully noted that dimensional analysis can do no 
more than systematically arrange the variables that presumably 
govern the event under study li one or more oi these variables is 
omitted, the answer found will be significant only to the degree that 
the missing variables are insignificant 
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Example 7 : Find an expression for the force exerted by the air on the wing of an 
airplane 

Solution : The factors involved appear to be 


Variables ' 

Symbol i 

Dimensional formula 

Area of wing 

A 

m 

Velocity of wing 

V 

[L^>] 

Density of air 

P 

[ML->] 

Viscosity of air 

pf 


Resistance of wing 

\ F 

[F] 


Since resistance of the wing is the factor to he investigated, the desired solution 
will have the general form 

F - f{AVpf.fgc) 

where gc must be included since the FLMd system is used Dimensionally for 
any form of the unknown function /, the following relationship must be satisfied 




For dimensional homogeneity the exponents of FLMBon both sides of the equation 
must be the same 

ZF 1 ^ d - e 

XL 0 = 2a +b -3c -2d +e 

XB 0 - b -j-d -2c 

0 = c +6 

When these simultaneous equations are solved, 

a = J — d = l+ c 

6 = 1— c 
c « — c 

and the solution is 

' - '"’'"'fe) 


This can be rearranged (to obtain a more familiar equation) 


F 

F 


AWp/ 

AV^P . 

ffc ^ 



Upon exammation of this answer, it is noticed that two dimensionless groups 
have been obtamed 
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The answer obtained by dimensional analysis will always contain 
an unknown function that must be experimentally determined Over 
a limited range of variables, it is often possible to describe the expen- 
mental data with a simple exponential function. Thus, the solution 
to Example 7 can be premised to be 

ffc \ / 

and this is a valid solution if values for the constant C and the exponent 
e can be found that will correctly evaluate the known results (A 
series of terms, each with a different exponent and constant, could 
undoubtedly be found to describe a greater range ) 

The dimensionless number, 

AiVp ^ ^ /DVp\ 

P/Qc \ Pm / 

appears with great regularity whenever a dimensional analysis is made 
of fluid flow In honor of Osborne Reynolds and his classic studies of 
fluid flow, this group has been named the Reynolds number The 
Reynolds number is abbreviated Re and is defined 



Experimentally it is found that, if two different fluids in flow under 
apparently dissimilar conditions have the same Re, the flows are 
dynamically similar 

A number of rules are available to facilitate dimensional analysis 

1 The number of dimensionless groups obtained will equal the number 
of factors less the number of fundamental dimensions 

2 If two of the simultaneous equations give the same answer ^ an 
additional dimensionless group will be obtained over the number 
predicted by rule 1 

3 (a) If the list of variables contains both [F] and [ilf], the dimen- 

sional constant gc should be included for then the answer is general 
for any system of dimensions {Table 1-1). (6) However ^ if the 

dimensions [F] and [M] both appear more than once, the constant 
may be superfluous. 

Problems 

1. Set up a dimensional system usmg as fundamental units the poundal [/^], 
pound [M\, foot [L], and second [0\ What are the value and dimensions for the 
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dimensional constant? Ebmmate the dimensional constant by givmg the poundal 
derived dimensions, and compare the two systems Which system is used’ 

2 . Repeat Prob 1, but use the slug [iif ], pound force [/’], foot [LJ, and second (^] 
as the fimdamental umts 

8 . A man weighs 180 lb Explam the exact meaning of this sentence 

4 Explam the difference between a gravitational and a standard force jwund 

6. Define force pound, poundal, dyne, and erg 

6 A pound mass is weighed on a beam balance at a location where ^ » 30 
ft sec“* What will be the reading? Discuss The same mass is weighed on a 
spring scale originally calibrated m a region where g « 32 2 ft sec”* What will 
be the indicated weight? If calibration had been made at a location where 
g 30 ft sec”*, what would be the mdicated weight and the weight in standard 
force pounds? 

7 . At a location where p ■= 30 ft sec”*, how much mass must be used on a 
vertical piston to exert a force of 5 standard force pounds? 

8» What 18 the absolute pressure in psia if (a) vacuum is 2 in Hg, (b) vacuum 
IS 3 5 psi, (cj gauge pressure is 5 3 psi? (Barometric pressure is 750 mm Hg ) 

9 As commonly defined, 1 irietiic horsepower = 75 kilogram (force) meters 
per second. Write this in fractional foim Determine 

( \ metric iiors epow cr / \ kilowatt-hours 

/ English horsepower V / metric horsepower-hour 

Problems 10 through 16 depend on material presented m Table IX, Appendix 
10 Derive an equation for an inclined tube manometer (Fig D) that is meas- 
uring the pressure difference m a gas system of negligible density The scale 
reading is to be m inches of water 

11 Air with density of 0 07 lb m ft”^ is flowing through a pipe that is connected 
to a U-tube manometer in a manner similar to that shown in Fig B If the 
manometer depression is 3 m Hg and barometric pressure is 14 5 psi, what is the 
pressure in the system m pounds per square mch? (The manometer is located 
10 ft below the system ) Can the density of the gas be neglected? (Assume 
standard acceleration of gravity ) 

12 Repeat Prob 11, assummg that water is flowing in the pipe (Density 
of water is 62 3 Ibm ft”^ ) 

13 For the data of Prob 11 suppose the manometer is connected in a manner 
similar to Fig C and the larger static pressure is 15 psia 

14 Repeat Prob 13 but with w^ater as the fluid in flow Density is 62 3 
lb„ ft”» 

16 Correct Probs 8 through 11 for conditions of altitude such that g = 28 in 
Hg 

16 . A full-immersion thermometer is immersed in a bath to the 50 F mark 
The temperature shown by the thermometer is 180 F while the stem temperature 
is 70 F What is the true temperature of the bath? 

17 . Convert 60 ft sec“i to miles per hour, 1,000,000 dyne cm”* to pounds per 
square inch, 1,000 g cm~* to pounds per square inch, 2,000 lb/ ft”* to pounds per 
square mch, 14 psi to atmospheres 

18 . Convert 500 ft lb/ to horsepower-hours, 6 00(10“*) lb/ hr ft”* into lb,„ ft”* 
hr”*, 100 centipoises to Ibm sec”* ft~* and lb/ sec ft”* 
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19 . Convert 16 slugs to Ibm, 0 06 slug ft“i hr“* to lb/ ft * hr, 60 poises to 
slug ft"' 

20 . A 15 Ibm 18 contained in a volume of i ft® Determme the density, specific 
volume, and specific gravity (Specific volume of water at 39 F is 0 01602 ft* Ib”* ) 

21 A cylindncal tank 10 ft in length and 3 ft in diameter contains 6 Ibm of 
fluid Determine the specific volume and the density of the fluid 

22 Convert — 40 C to Fahrenheit; 39 C to Fahrenheit, 100 F to centigrade 
28 Define what is meant by a reproducible thermal state and give several 

familiar examples 

24 Determine by dimensional analysis the form of the equation in the engi> 
neering FMLd system for the velocity of sound m a gas if the variables are velocity, 
density, and pressure of the gas 

26 . Repeat Prob 24, but use the FLB system 

26 . Show that the pressure gradient for liquid flowmg in a pipe is given by 

^ = fZ / ( 

AL hgJKDYp) 

where D is the diameter and L is the length of the pipe 

27 Air IS flowing through a pipe of 1 820 in diameter at a rate of 1 173 Ibm sec“* 
The temperature of the air is 60 F Determme the value for Re (Use Table III, 
Appendix ) Ans 815,000 

Symbols 

a acceleration 

A area 

C constant 

C centigrade scale of temperature 

D diameter 

e unknown exponent 

f function 

F force 

F Fahrenheit scale of temperature 

0 specific gravity 

g gram 

g local acceleration of gravity 

go standard acceleration of gravity 

gc dimensional constant for any system 

L length 

m mass, also, mass flow rate 

M mass dimension 

p pressure 

t temperature on an> reproducible scale 

V specific volume 

V velocity, also, volume 

tc gravitational force or weight m standard force pound units 
2 height, distance 

proportional sign 
[ J dimension 

1 I numerical equality 

approaching equality 
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c 

f 

m 


atm 

cm 

ft 

Hg 

hr 

m. 

lb 

mm 

mph 

pal 

Re 

sec 


a 

7 

e 

p 


Subscripts 

constant 

force or force units 
mass or mass units 


Abbreviations 

atmosphere 

centimeter 

foot 

mercury 

hour 

mch 

pound 

milhmeters 

miles per hour 

pounds force per square inch 

Reynolds number 

second 

Greek Letters 


(alpha) angle in radians 

(gamma) specific weight 

(theta) tune 

(mu) viscosity 

(rho) density 
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CHAPTER II 


FUNDAMENTAL CONCEPTS 

It IS necessary in any subject of study to define the fundamental 
concepts rigorously, for these definitions lay the foundation for a 
workable theory From experience it has been found that the defini- 
tions in this chapter are indispensable m the analysis of thermodynamic 
problems For this reason, they must be thoroughly understood and 
remembered by the student 

2-1. Energy, Energy is bioadly defined as the ability to produce 
a change from the existing conditions Thus, the term energy implies 
that a capacity for action is present The presence of energy is signi- 
fied by many factors, for all matter has or contains latent or discernible 
amounts of energy in many forms Although the absolute evaluation 
of energy may prove to be a difficult if not an impossible task, the 
relative amount of energy contained or associated with matter can be 
evaluated This evaluation is done by measuring certain effects that 
are classified by descriptive names, and these effects can be produced 
under controlled conditions For example, a mass possesses potential 
energy^ or energy of position, when the mass is located above the lowest 
surface of the earth that will be encountered Here the gravitational 
attraction of the earth on the mass can be utilized as a source of energy 
When a mass is in motion, it possesses kinetic energy^ for by changing 
the velocity an effect can be produced while the kinetic energy is 
proportionately changed Kinetic energy, then, is energy that is 
available because of the mass and the velocity of a body Both 
kinetic and potential energy are external forms of energy that are 
evaluated without regard to possible changes in the composition or 
characteristics of the mass 

The presence of another form of energy is evident by changes in 
characteristics or composition of the mass under observation, and 
therefore this form of energy is called internal energy All matter 
contains internal energy in chemical and molecular forms (and also 
in atomic form) Consider a mixture of air and gasoline vapor held 
under pressure and confined by a piston in a horizontal cylinder 
Here the piston is connected by some means to an external load that 

25 
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will be lifted when the mixture is allowed to expand Examination of 
the mixture before and after the expansion would show no change in 
composition but a definite change in charactenstics such as pressure 
and temperature Internal energy has been released of an amount 
that can be measured by the change in potential energy experienced 
by the external load A greater load can be displaced if, in the above 
mechanism, a spark is used to ignite the gas-air mixture In this 
instance an additional amount of internal energy is released because of 
a (jhemical reaction between the air and gasoline vapor, and a change in 
the composition of the mixture has occurred The term internal 
energy ib used to include all forms of energy contained within the mass 
whether or not a chemical change must occur to release it (Atomic 
research reveals that mass and energy are fundamentally the same 
type of thing and are mutually convertible, although, as yet, this 
conversion need not enter engineering calculations ) 

Dimensionally, the defining equation for energy is stated m terms 
of the change that can be measured Avhcn eneigy is transformed One 
of man^s earliest observations was that the simplest changes required a 
force to be exeited through a distance and that the product of force 
times distance was proportional to the elTort expended Thus, energy 
IS defined 

[E] [LF] 

li^nergy in general — that is, m all forms — will be designated by the 
letter Ey with the lower-case letter e used for the quantity of energy 
associated with unit mass Note that eneigy is evaluated as a relative 
and not as an absolute value because only the change m energy can be 
conveniently measured It is always possible to select a datum or 
reference condition that can be arbitrarily assigned a value of zero 
energy while the determination of the absolute quantity might well 
prove impossible 

Power IS defined as the time rate of energy expenditure 
[Power] = [P] = II = = [LFe-^] 

2-2. The System. Before a change can be analyzed, it is essential 
that the participants, mass and energy, be known and included in the 
analysis To ensure that this requirement is met, 

the system is defined as the region where transfers of mass and 
energy are to be studied. 
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Since both mass and energy may be added to the system, an especially 
important concept is the boundary to the system, called the system 
linCy or, simply, the boundary All mass and energy transfers are 
evaluated at the boundary The boundary may be either elastic or 
fixed, depending on whether or not the system is allowed to expand. 

The region outside the system is called the surroundmgs. 

Two general types of systems will be encountered, closed and open 
systems A closed system contains a constant mass, and only energy is 
allowed to cross the boundary In Art 2-1, energy was obtained from a 
fluid enclosed in a cylinder, this is a closed or nonflow system because 
mass was not transferred across the boundary An open system has a 
mass flow either into or out of the system, or both, and the mass within the 
system may or may not vary in amount with time The open system is 
characterized by such transfers of mass across the boundary, although 
transfer of energy may also occur Foi example, a water wheel is 
suspended in a channel of moving water, and the boundaries of this 
open system are established to enclose the wheel and adjacent parts of 
the channel. Here a mass flow crosses the boundary at two locations 
while energy alone is transferred at yet another location (and the 
mass within the system is a constant quantity) The moving wheel, 
which IS in the system, transfers the energy for a load, which is in the 
surroundings 

In establishing a system boundary, a practical difl^culty arises. 
Should the boundary include or exclude the structural members 
necessaiy to perform an experiment"^ Consider, as an example, a 
tank containing compressed air This is a closed system with fixed 
boundaries If the object of the study were to observe how the 
characteristics of the confined air changed under different conditions, 
then the desired system should consist of air alone with the boundary 
defined as the envelope of the fluid The fluid would be the system, 
and the tank would be a part of the surroundmgs In the laboratory, 
however, the effect of the container on the enclosed fluid could not be 
Ignored, and the system under observation must include both gas and 
tank 

Whenever possible, the word system will be used to denote only the 
mass whose characteristics are to be observed, and the boundaries of 
this system will mark the extent of the region that the mass occupies 
All structural parts necessary to enclose this system can be imagined as 
quite small, so that in the limit the mass of such parts will approach 


zero 
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2-3, Property, State, and Process. After the system has been 
established, different conditions will be recognizable A closed system 
of gas would have a definite pressure, temperature, volume, and color 
and would exhibit other charactenstics at any stage of an experiment. 
All such characteristics are dimensions of the system. If a dimension 
IB reproducible, it is called a 'property of the system That is, if a 
senes of changes occurs until finally the onginal condition is restored, 
a property will regain its original value or indication (of pressure, 
temperature, volume, etc ) The condition, or state j of the system can 
be identified by the properties 

A property is a function of the state (a point function) and depends 
only on the state and not on the method of change between two 
states. 

Since a property helps to identify a particular state, the change in value 
of a propel ty between any two states does not depend on the process. 

A process occurs whenever the system changes from one state to 
another state. 

Intensive properties or potentials are independent of the extent of 
the system, as, for example, pressure, temperature, electrical potential, 
velocity, surface tension, and height These potentials aie the driving 
factors that can cause a change in state Extensive properties, such as 
energy, volume, and area, depend on the extent of the system Specific 
values of extensive properties, that is, values per unit mass, are con- 
sidered to bo intensive properties specific volume (ft^ lb~^), specific 
internal energy (Btu lb“^), etc Although in following pages specific 
values are most often implied, the word specific will not alwa3^s be 
used (except, invariably, for specific volume) 

A system is in equihhrium when it is incapable of spontaneous 
change, that is, change without help from some external agency Since 
a process passes through an infinite senes of states, each of which is 
identified by properties, it follows that a process must proceed at an 
infinitely slow speed if each state attained is to be an equilibrium state, 
which IS a state of constancy 

2-4. Phases and Components. A quantity of matter that is 
homogeneous throughout m chemical and physical composition is 
called a phase Homogeneity in the thermodynamic sense does not 
imply a single molecular species, for a mixture of gases or a solution is a 
phase If oxygen and hydrogen are mixed together, the resulting gas 
phase has two components, hydrogen and oxygen Similarly, alcohol 



FUNDAMENTAL CONCEPTS 


29 


and water will mix to form a single liquid phase of two components 
On the other hand, water and gasoline are not miscible but, rather, will 
form two liquid phases, each of one component A phase may exist m 
either the gaseous, liquid, or solid form 

A system comprising a single phase is called a homogeneous system, 
while a heterogeneous system consists of more than one phase The 
number of components in either of these systems can be one or more 
than one 

2-6. Definition of the State. The pioperties of the system identify 
the state, and, conversely, once the state is defined, all the properties 
assume definite values although these values are not necessarily known 
The nurabei of properties necessary to define the state will vary, for 
the simplest system, two independent intensive properties will suffice 
An independent property, as the name implies, is one that does not 
depend on the value of another property For example, water under 1 
atm pressure can be heated from the freezing point to the boiling point 
The properties of pressure and temperature are independent of each 
other within this range and together determine the state When boil- 
ing begins and two phases appear, the properties of pressure and 
temperature are no longei independent but dependent upon each 
other, for one cannot be changed without changing the other The 
state must then be defined by either temperature or pressure and one 
other independent property, for example, specific volume When the 
liquid phase is vaporized, only a gaseous phase remains The state 
of this phase can then be determined by the properties of temperature 
and pressure, which once more are independent of each other 

Thus, a change in state may be signaled by a change in the proper- 
ties of pressure and temperature, and these properties can be con- 
veniently measured A datum state can be selected and assigned a 
value of zero specific internal energy Now by measurements of the 
energy that must be transferred to change the state from this datum, 
it is possible to evaluate the internal energy at each higher state of 
energy (or, at least, the relative value of this property to the datum 
state) In this manner, tables of data can be compiled for the fluids 
in common use, the propeities of pressure and tempeiature (or specific 
volume) serving as the paiamctcrs for tabulating internal energy 

Suppose that water is flowing through a pipe and the independent 
properties of pressure and temperature are measured These proper- 
ties are adequate to define the state of a quiescent fluid, but here the 
fluid IS m motion In this case the velocity must also be measured, 
for velocity is a property that specifies the specific kinetic energy 
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that the fluid possesses Thus, for this system three independent 
properties are required to define the state In similar manner, if the 
fluid in its passage through the pipe experiences a difference m eleva- 
tion, a change of state has occurred because the potential energy of the 
fluid has changed The state of the fluid at any instant is defined by 
the four independent properties of pressure, temperature, velocity, and 
elevation Any or all of these properties may continuously change as 
the fluid passes through the pipe Here it should be noted that the 
properties of pressure and temperature are an independent measure of 
the internal energy of the fluid, the property of velocity is an inde- 
pendent measure of the kinetic energy of the fluid, and the property of 
elevation is an independent measure of the potential energy of the fluid 
The state of the system is simply the energy state described by these 
indejiendent properties Each form of energy can be superimposed 
upon the others, and, for this reason, measurements of “internal prop- 
erties, such as temperature and pressure, enable the internal energy to 
be determined from data originally compiled from tests made on quies- 
cent fluids And measurements of “externar^ properties, such as 
velocity and elevation, enable the specific values of kinetic energy and 
potential energy to be determined as quite independent forms of 
energy 

2-6. Heat and Work, If two copper blocks are placed together, 
and one block is hotter than the other, the temperatures of the blocks 
will change If one of the blocks is defined to be the system under 
scrutiny (and the other block is the surroundings), it is evident that 
internal energy is being transferred across the boundary of the system 
The condition necessary for this transfer of energy is the temperature 
difference between the system (one block) and its surroundings (the 
second block) 

Heat is energy transferred, without transfer of mass, across the 
boundary of a system because of a temperature difference between 
system and surroundings. 

Consider the system to be made up of two blocks, one hot and one 
cold Is the term heat applicable to this situation? No, because the 
energy within this system is constant Energy passes from the hot to 
the cold block, but no energy crosses the system boundary No tem- 
perature differential exists across the boundary 

Heat, then, is technically a term reserved for transfers of energy 
where the driving factor (potential) is a temperature difference across 
a system boundary It is wrong under this definition to speak of heat 
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contained in a body, the correct terra is internal energy in a body 
Note, too, that heat can be identified only in reference to a system 
line 

Work, like heat, is transitional in nature and cannot be stored in 
mass or m a system Work exists or occurs only during a transfer of 
energy into or out of a system and, like heat, is evidenced by a change 
in the surroundings After the work is done no work is present, only 
the result of the work energy A definition for work can be made by 
paraphrasing the definition for heat 

Work is energy transferred, without transfer of mass, across 
the boundary of a system because of an intensive property differ- 
ence other than temperature that exists between system and 
surroundings. 

The usual intensive property encounteied in heat-power work is 
pressure, although energy transferred by electiical means would also 
be work, and here the intensive property would be electrical potential 
(emf) ' 

The symbols for heat and woik will be Q and W, and the dimension 
that of energy Although heat, work, and energy have the same 
dimension, only energy is a property identifying the state of a system 
Heat and woik are not properties because they appear only when a 
change of state occurs and disappear when the process is completed 
2-7. Conduction, Radiation, and Convection. Energy, m response 
to a tempeiature difference, is transferred by two methods, called 
conduction and radiation When conduction of energy occurs, a mass 
is the medium between the high- and low-temperature regions that 
serves as a conductor for the transfer of energy If one end of a metal 
lod is thiust into a fire, the other end will giadually become hot, 
internal energy is transferred from the hotter end by conduction to the 
colder end Similarly, two masses, one hot and one cold, when placed 
together will transfer energy by conduction 

All bodies lose energy continuously by radiation Radiation can 
be pictured as a shower of small discrete “bullets’^ of energy projected 
with the velocity of light The transfer of energy by radiation requires 
no intervening medium or conductor for the energy Energy is con- 
tinuously radiated from all bodies A body that is hot relative to its 
surroundings radiates more energy than it receives, while its surround- 
ings absorb more energy than they radiate The net exchange of 
radiation is a transfer of energy through a temperature difference 
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When energy is transferred from a hot to a cold body by mass 
movement of a fluid, the method is called convection A house can 
be heated by passing air over a hot surface in a furnace to receive 
energy by conduction, then by passing it over the walls of the house to 
transfer energy again by conduction Convection can be defined as 
double conduction distinguished by the presence of a fluid carrier 
When a fluid is heated, it becomes less dense and may be displaced by 
colder fluid Movement of the earner by this method is called natural 
or free convection When the earner is forced to move by means of a 
pump or fan, the method is called forced convection 

Combinations of these modes of energy transfer are quite common 
For example, when two masses in vacuo are moving toward each other, 
energy is transferred by radiation At the instant before contact only 
radiation is involved, but, during contact, energy is transferred by 
conduction and radiation Similarly, the exterior walls of a furnace 
radiate some energy while the carrier (air) bears further energy to the 
surroundings by convection 

Whether or not the term heat can be applied to these energy trans- 
fers rests entii^ly upon the definition of the system and, therefore, upon 
the location of the boundary However, in technical literature the 
woid heat is often used whenever thermal effects are present without 
regard for the more precise thermodynamic meaning discussed in 
Art 2-6 

2-8, Units and Measurement of Work and Heat. In mechanical 
engineering the usual intensive factor causing a transfer of energy in 
the form of work is pressure, pressure multiplied by the area exposed 
to the pressure is force, and the product of force and the distance of 
application of the force has dimensions of energy Accordingly, 
mechximcal work is measured m the dimensions already prescribed foi 
energy 

m = lp][A][L] = [A]IL] = [LF] 

The historic experiment in 1840 of J P Joule showed that churning 
water by paddles and thus dissipating mechanical work could warm 
the water and bring about the same result that could be accomplished 
by transfer of heat In this way the relationship between heat and 
work was determined Since most of the early experiments were 
intimately involved with the thermal properties of water, an energy 
unit was defined in terms of water This energy unit (as well as a 
slightly smaller unit now in use) is called the British thermal unit 
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(Btu) In terms of water, the mean Btu is defined as xiir of the energy 
required to raise the temperature of 1 pound mass of water from 32 to 
212 F — through 180 degrees The corresponding unit in the metric 
(cgs) system is called the mean calorie (cai) and equals of the 
energy required to raise the temperature of 1 gram mass of water 
from 0 to 100 C. One kilocalorie or kilogram-calorie equals 1000 calo- 
ries. Obviously, a basic energy unit need not be bound to water, and 
at the International Steam Table Conference m 1929 it was agreed arbi- 
trarily to fix the unit in terms of basic international electric-energy 
units ^ This resulting unit, called the International Steam Table calorie 
(IT cal) IS defined as follows 

1000 IT cal = Int kwhr 

The Btu in use today by engineeis^ is defined in terms of the IT 
calorie 

IT Btu _ IT cal 
"F lb. T g" 

In words, 1 IT Btu will raise 1 pound of mass 1 degree Fahrenheit if 
1 IT cal one will raise 1 giam of the same mass 1 degree centigrade It 
follows that 

1 IT Btu == 251 996 IT cal 
1 int kwhi = 3412 76 IT Btu 


In the following pages, the abbreviation Btu without the prefix IT is 
understood to be that defined in terms of the international calorie 

The dimensional constant that relates the thermal units to the 
mechanical units is called the mechanical equivalent J or J outers 
equivalent ® Such a constant can always be shown as a unit conversion 
factor (Art 1-6) 


J = 778 16 


ft lb/ 


Btu 

1 Btu = 778 16 ft Ihf 


Since thermodjoiamic equations are homogeneous, each term can be 
measured m the same units, and therefore J is not a necessary part of 
the equations However, certain properties are invariably expressed 
in certain units internal energy in thermal units, kinetic and potential 
energy in mechanical units In equations containing these combma- 


* Table IV, Appendix, and Art 1-7 

* In thermochemistry, the defined Btu is used (Table IV, Appendix) 

* Table IV, Appendix 
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tions, J will be included for the convenience of the student In equa- 
tions that do not involve kinetic or potential energy, J may not be 
included 


Electrical work, like mechanical work, is measured as the product of an inten- 
sive factor and an extensive factor Here the intensive property can be con- 
sidered to be the potential difference (emf), which will be designated by the 
symbol g The extensive factor is the quantity (or charge) of electricity that flows 
through the potential difference Accordingly, the work is 


and the units are 


W = zq 


(Joules) = (volts) (coulombs) 


The rate of flow of electricity is called the current i where 


with units 


Hence, 

Power 18 defined 


and the units are 


quantity q 
time ^ 


Amperes 


coulombs 

seconds 


W ^ tie 



= ti 


(Watts) = (volts) (amperes) 


CkinverBion factors for these electrical units are given m Table 1, Appendix 

The engineering dimensional system need not be expanded to include heat and 
work as separate and distinct fundamental dimensions because both of these 
effects can be expressed as derived dimensions 


[Work or heat] = [ft lb/] 


However, for convenience, heat may be considered to be a basic dimension, and a 
dimensional system based on five fundamental dimensions can be used 


[L][d][M]\F]\H] (five fundamental dimensions) 

Temperature is another fundamental dimension that can be included in the 
dimensional system In this case, a six-fundamental-dmiension system will result 

[T][Z/][0][il/][/^][/f] (six fundamental dimensions) 

2-9, Dimensions and Units for Energy, Poterdial Energy Poten- 
tial energy is restricted to gravitational energy, that is, energy that can 
be realized by changing the position of a mass with respect to the sur- 
face of the earth The dimension of potential energy must be the same 
as that assigned to energy 
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PE = potential energy = gravitational force X height 

PE = wz - m — z (2-1) 

[PE] = [LF] 

Before potential energy can be calculated, a plane of zero potential 
energy must be assumed, and it is usual to take the lowest elevation 
that will be encountered as this datum From this plane the height 
of the mass is determined, and the potential energy relative to this 
datum IS calculated 


Example 1 • Calculate the potential energy of 32 1739 Ibm at an elevation of 
100 ft above an arbitrary datum of zero potential energy 
Solution. From the FMLd system, 

Potential energy PE = (gravitational force «;) (height z) 

PE wz = ni~ z 

9c 

= (32 1739 lb„) ^ (100 ft) 


3,217 39^ ft lb/ Ans 

go 


Checking the dimensions, 


PE « m — z 


[PE] = [M] 


IM 

r ML] 

IFe^ J 


[L] - [LF] 


and this is the correct dimension In some cases mz is incorrectly taken to be the 
measure of potential energy 

PE = niz = 32 1739(100) = 3,217 39 ft lb« 

and this is numerically correct if g/go = 10 but dimensionally wrong because 
ft Ibm IS not the dimension for energy 
From the FLO system, 

PE = =» mgz 

where m is in slugs 

PE = 100^^ ft slug Ans 

That the answer is in the correct units can be seen by substituting 


1 slug = 


1 lb/ sec^ 


PE = 100^ lb/ sec* 

= 3,217 39 ^ ft lb/ 
So 
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Kinetic Energy Kinetic energy is energy that is available because 
of the mass and velocity of a body, and it must have the dimension 
assigned previously to energy m general, that is, [LF] To determine 
the dimensional equation for kinetic energy, consider a ball held in 
vacuo at an elevation z ft above some datum plane The ball relative 
to the datum has wz ft lb/ of potential energy and zero kinetic energy 
If the ball is allowed to fall, at the instant it reaches the datum plane its 
potential energy is zero but its kinetic energy is greater than zero 
Since no other changes have occurred, the gain in kinetic energy is 
equal to the loss in potential energy It is required in this case that 

PE = KE 

Final velocity V — gS 
Average velocity F.v* = ^gS = -g-F 

Hence, 

Z ~ Fav*0 = 6 

PE = KE = wz = z 
9c 

When the equivalent -yF0 is substituted for 2 , 



But gd IB the velocity F, hence, 

KE = 1 ^ (2-2) 

[KE] = [LF] 

and this is the defining equation for kinetic energy 

Kinetic energy, like potential energy, is a relative term In 
measuring potential energies, a datum plane has to be selected for each 
problem In measuring kinetic energy the datum must also be 
selected, it is usually automatically selected by measuring velocities 
relative to the earth 

Example 2 * The equation for kinetic energy was found to be Show 

that this equation has the proper dimensions for an energy quantity 

Solution * 
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In some instances the equation is written with g as the divisor: 

= m [y* “ 

and for conditions such that g = Qq^ this equation will give numerically correct 
results for m in pounds mass and V in feet pei second, but it is dimensionally 
wrong because [LM\ is not the dimension of energy 
In the FL6 system, 

KE » 

where m “ slugs with dimension I -g- I 

and this is the correct dimenbion (touet t numoncal result for m in slugs and V in 
feet per second) 




Flow Energy An open system has transfers of mass as well as of 
energy between system and surroundings, and because of the mass 
transfer, a new form of energy must be recognized Consider the 
cylinder of Fig 2-1 to be the region and also the boundary for an open 
system Suppose the inlet valve is opened and fluid enters the system, 
pushing the piston a distance L If this operation is slowly performed, 
the pressure of the fluid will remain essentially constant and the state 
of the fluid will not change during the process But work has been 
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done by the system because the piston is connected to some external 
load, and this work has been done with no change m energy of the 
fluid Obviously j the energy used to accomplish this work was transmitted 

from a pump somewhere in the 



Fig 2-2 General open system (The 
boundary is an imaginary surface 
that separates the system from the 
surroundings ) 


surroundings that forced the fluid 
into the system In recognition of 
this energy that accompanies flow, 
the fluid IS considered to have not 
only internal energy but also flow 
energy With fluid flow, the en- 
ergy entering the system will con- 
sist of potential j kinetic y internal ^ 
and flow energy 

Flow energy can be evaluated 
by noting the work that must be 
done to force each particle of mass 
across the boundary of the sys- 
tem In Fig 2-2 a small amount 
of mass bm is entering an open 
system This mass will have defi- 
nite amounts of kinetic, potential, 
and internal energy Now if the 
mass IS to enter the system with- 
out change in these forms of energy^ 
the surroundings must exert a 
force of pA to push the mass into 
the system The work done by 
the surroundings will be 


bW = pAbL ft lb/ 

But AbL is the volume of the mass 5m, and therefore the work is 


and for unit mass 


bW = pbV 


W = pv 


ft lb/ 
Ibm 


where v is the specific volume of the fluid 

Whenever unit mass enters a system with no change in properties, 
the energy content of the system is increased by the amount pv and by 
the kinetic, potential, and internal energy of the unit mass When 
a fluid flows into the system of Fig 2-2 (or Fig 2-1), the force pA on 
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each mass of fluid bm is exerted by fluid following 5m, and this fluid 
m turn will enter the system. As each element of fluid enters the 
system, it carries with it, as a consequence of its entry, the energy pv, 
which will be called flow energy Whether pv is to be called flow worky 
which 13 done on the system or flow energy that is carried into the 
system, depends entirely on the viewpoint of the observer To an 
observer measuring the change in energy within the system, pv is 
properly called flow work. To an observer evaluating the energy of a 
fluid flow at the boundary of a system, pv is better named flow energy. 
Note that the flow energy is entirely independent of the kinetic energy, 
which in many cases approaches zero Note, too, that for conditions of 
no flow, energy of flow {flow energy) must by definition be zero although 
the product pv is not zeio 

ft Ib/ , pv Btu ON 

FE = pv - 77 ^ and ^ (2-3) 

lb;„ ^ lb„» 

2-10, Energy m General. Although the forms of energy are many 
and varied, in mechanical engineering only internal, flow, kinetic, and 
potential energy are of significant impoitance The symbol E is the 
all-inclusive designation of eneigy, and by definition 
Energy in general — internal + flow + kinetic + potential + others 

E = U + FE + KE + rE + etc 

„ j, . pv , mV^ . wz . , .. .. 

E=U + m!^+^^ + -j+etc (2-4) 

and, the specihc values for unit mass, 

" = “ + f + 

Although each of these terms is calculated from assumed and differ- 
ent data, a difference in energy is the measured quantity, and, in most 
cases, data locations will cancel 

Equations (2-4) and (2-5) must be used with care, for all of these 
forms of energy may not be present Consider, for example, an insu- 
lated tank of stagnant gas Examination will show that the energy 
of the gas must be entirely in the form of internal energy because no 
flow or velocity^ is present Suppose that an additional quantity of 
gas IS pumped into the tank An observer stationed within the tank 
would note only that the gas is being compressed with consequent rise 
in temperature, and therefore the internal energy is being increased 

‘ Potential energy is here assumed to be negligible 
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After the pumping operation is stopped, examination would reveal 
that the mass and the internal energy of the gas in the tank have 
been increased The energy^ added to the system is found by the 
observer to be 

AE — All = m2U2 ““ miUi 


Subscnpt 2 refers to conditions in the tank at the end of the process 
Subscript 1 refers to conditions in tank at the beginning of the process. 

Suppose that a second observer is stationed at the boundary of this 
system during the pumping operation He would note that a mass 
flow of fluid IS entenng the system and that each element of mass has 
associated with it a definite quantity of internal, flow, and kmetic 
energy The energy^ added to the system would be evaluated by this 
observer as 

AE = {u + '^ + 

and, of course, this increase in energy must be exactly equal to that 
found by the first observer Note that, while many forms of energy 
entered the system, all these forms were finally transformed into 
internal energy 

In a similar manner, suppose a discharge valve on the tank is 
opened An observer stationed within the system would note only 
that the gas is expanding and the temperature is falling, and therefore 
the internal energy is decreasing But an observer stationed at the 
discharge boundary of the system would note a mass flow of fluid cross- 
ing the boundary and, because of this flow, internal, flow, and kmetic 
energy leaving the system In this case internal energy has been 
transformed, in part, into flow and kinetic energy; and the decrease in 
energy of the system is equal, as before, to the sum of the energies 
leaving the system 

These examples illustrate that, for a reservoir of fluid in the absence 
of flow, the energy of the system will be primarily m the form of internal 
energy, although the product pv will not be zero The product pv 
is an energy term only at a location where mass transfer is present, and 
then, somewhere, other forms of energy are the ultimate sources of the 
flow energy For this reason flow energy can never be stored, as such, 
in a system, and in this respect flow energy differs from the other forms 
of energy (and resembles work) 


1 Note Art 9-19 
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It would, theoretically, be possible for a velocity to exist within a 
closed system, such as a reserv oir of gas, and in this case the energy 
stored in the system would consist of internal and also kinetic energy 
(and flow energy would be zero since no mass is transferred across the 
boundary) Similarly, a reservoir of fluid possesses potential energy, 
and the potential energy is evaluated without regard for the evaluation 
of internal energy It follows that kinetic, potential, and internal 
energy are basic forms of energy that can be stored in a system quite 
independently of each other Flow energy is derived from these other 
forms of energy and cannot be stored in a system, although it can be 
evaluated as a separate form of energy whenever a mass flow is entering 
or leaving a system 

2-11. Enthalpy. A system has many properties that aid in identi- 
fying the state Since in some processes many of these properties 
appear in a definite grouping, it may be convenient to define new 
properties in terms of the simpler properties Enthalpy h is such a 
composite term, and it is arbitrarily defined as the sum of the internal 
energy u and the product pv 

h u + pv (2-6a) 

Since enthalpy is invariably measured in thermal units, Eq (2-6a) 
will most often be written 

h = u + '^ ( 2 - 66 ) 

Since w, p, and v are all properties, then h must be a property 
The combination of terms constituting enthalpy makes its use particu- 
larly significant in processes involving open systems Thus, whenever 
a mass flow crosses the boundary of a system, for simplicity the symbol 
h can be substituted for the combination of w + pi; (the mtemal plus 
the flow energy) in evaluating the energy of flow. 

Example 8 : A fluid m flow has an internal energy of 100 Btu Ib”^, a pressure 
of 100 psia and a specific volume of 6 ft®. What is the enthalpy of unit mass of 
fluid? 

Solution: By definition, 

I. 1 

h~U+j 

Btu , (100 lb//iD »)(144 in Vft»)(5 ft»/Ib,) 

“ ib;: (778.16 ft lb//Btu) 

= 100 + 92 5 
= 192 5 Btu/lb« Ana 
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Problems 

1 . Will there be an open or a closed system m the operation of the following 
equipment? Explain and show diagrammatic sketchfof system and boundary 


o Water pump 
b Pressure cooker 
c Water wheel 

d Thermometer (entire system) sur- 
rounded by a medium at a higher 
temperature 
e A baseball in flight 


/ Automobile engme 
g Steam boiler m house, including all 
piping and radiators 
h A dashpot consisting of a cylmder, 
piston, and contamed fluid 
t An ice-cream freezer (manual crank 
operation) 


List the substances or materials makmg up the system 

2 . State whether heat or work crosses the boundaries of the systems of 
Prob 1, and for heat transfers differentiate between radiation, conduction, and 
convection 

8. For each system of Prob 1 identify the kmd of energy that is contained or 
transferred in the process 

4 For each of the following systems subjected to the specified process explain 
(1) whether it is an open or closed system, (2) the nature and algebraic sign of the 
heat or work transfers, (3) the nature and sign of the change in internal energy 
The system la defined by the words in italics 

a A perfectly insulated rigid container containing air and an electric heating 
element that is connected to an external source of power The temperature and 
pleasure of the air are rising 

h The sarne apparatus as m (a) above except that the system includes only 
the air 

c A small pile of coal and the air m a large, rigid container, the coal ignites 
by spontaneous combustion and burns 

d A Uaketile on a stove contains water that is boiling at a constant rate, 
the system boundary is fixed and crosses the spout 

6 For each system of Prob 1 list, to the best of your knowledge, all the 
properties that could be used to identify the state Are these mtenbive or exten- 
sive properties? Are they independent or dependent properties? 

6 Are the systems of Prob 1 homogeneous or heterogeneous? Do phase 
changes occur? 

7 . Distmguish between atomic, chemical, mtemal, potential, and kinetic 
energy 

8 Explain why heat and work are not properties of a system 

9 An insulated torus is filled w ith water that is movmg at a rate of 100 ft 8ec“^ 
In a few seconds this velocity will be dissipated by friction and the system (of water 
alone) will assume an equilibrium state 

o last the types of energy present before and after the dissipation process 
h Does the energy of the system increase or decrease? 
c Does the mternal energy of the system increase or decrease? 

10 . Devise a number of systems wherem energy is transferred because of a 
temperature difference Redefine the boundaries m the foregoing systems in 
order that the term heat can be used 
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11. Determine the conversion factors for the followmg* (a) joules to foot 
pounds ; (b) kilowatts to horsepower 

12. Calculate the potential energy in Btu of 1 Ibm at an elevation of 100 ft 
above a datum of zero potential energy, if 


(a) ^ = 30 ft sec’'* 


{b) 9 ^ go 


18. Determine the kinetic energy and the final velocity that can be realized 
by transformation of the potential energy of Prob 12 without loss 

14. Determme the maximum velocity that would be given to 1 Ib^ by proper 
transformation of 1000 Btu 

16. a What is the minimum work that must be done per pound of water to 
pump 100 gal mm~^ of water, wuth density 62 lb„, ft"*^, to an open tank 100 ft 
above the pump? (Assume that the internal energy of the water remains con- 
stant and that ^ ) 

b If the water enters the tank with a velocity of discharge of 10 ft sec”^, how 
much work is required for the pumping operation? 

c Determine the horsepower required by the pumping engine 
16. a Calculate the enthalpy of 3 Ibm of fluid that occupy a volume of 20 ft® 
if the internal energy is 1000 Btu lb;;"/ and the pressure is 2 atm absolute 

b If the pressure is 50 m Ilg, w hat will be the value for enthalpy if other values 
remain unchanged? 


A 

Btu 

C 

cal 

cgs 

E 

e 

£ 

F 

F 

FE 

9 

9c 

9o 

g 

h 

im 

hp 

i 

J 

mt 

IT 

kwhr 


Symbols 


area 

British thermal unit 
centigrade degree 
calorie 

centiineter-gram-sccond (metric system) 
energy m general 

energy in general for unit mass of material (specific) 

electromotive force (emf) in volts 

force 

Fahrenheit degree 
flow energy 

local acceleration of gravity 


dimensional constant = 


32 1739 


Ibm ft 
lb/ see* 


standard acceleration of gra\ ity 

gram ^ 

l)V 

enthalpy per unit mass (specific), w + ^ by definition (always m thermal 


units) 

dimension of heat 
horsepower 
electric current 
Joule's equivalent 
mternational units 

International Steam Table Conference units 
kilowatthour 
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KE kinetic energy 

L length 

m mass, also, mass flow rate 

p pressure 

P power 

FE potential energy 

Q heat 

q electrical charge 

IT\ dimension of temperature 

V internal energy (always m thermal umts) 

u mternal energy per unit mass (specific) (always m thermal umts) 

V velocity, also, volume 

V specific volume 

w weight 

W work 

c height 

Greek Letters 

0 (theta) time 

5 (delta) infinitesimal increment 

Subscripts 

/ force 

m mass 
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CHAPTER III 


THE FIRST LAW 

Thermodynamics, heat power, and heat engineering are related 
terms comprising the laws or beliefs of man arising from the study of 
energy and its transformations during physical or chemical changes 
Certain effects of energy, notably those accompanying a transfer of 
heat, have as a major result the production of work or power, and 
these effects are the primary interest of the engineer. 

3-1. The General Energy Equation. The work of Joule and others 
led to the gradual acceptance of the premise called the First Law of 
Thermodynamics 

Energy can be neither created nor destroyed but only converted 
from one form to another. 

This statement of conservation of energy to be strictly correct must 
also carry the implication of conservation of mass although, in engineer- 
ing calculations, eneigy balances can be made quite independently of 
mass balances 

For any system the First Law states that the net result of heat or 
.work will be a change m the energy of the system The general energy 
equation is an expression of the First Law. 

Q - W = E 2 - El = AE (3-1) 

where Q = heat transferred + for heat added to the system 

— for heat subtracted from the system 

W == work done + for work done by the system 

— for work done on the system 
AE = change in total energy of the system 

Note that the change m energy of all types, AE, in Eq (3-1) is entirely 
a system term and is measured by changes m properties of the system 
Heat and work are energy effects external to the system (by definition) 
and are best measured by observation of changes in the surroundings 
Equation (3-1) is simply an energy balance between system and sur- 
roundings and applies to any open or closed system However, for 
the open system Eq (3-1) must be carefully treated, for mass as well as 
energy transfers will occur with the surroundings The system may 

47 
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have one or more flow streams entering and leaving, while energy and 
mass may accumulate within the system An expanded form of Eq 
(3-1) can be written to separate the energy into that arising from mass 
flow into the system and that which will accumulate or be stored within 
the system 

Q — IK = + AErntOTtmm (3-2) 

and for more than one flow stream 


Q — ~ TK [ S (w-out^out) 2 (TMiuCiii)]flow [wi2®2 wxiCijaiorB*® (3—3) 

where subscript 2 = final state of the system 
subscript 1 = initial state of the system 
Flow energy cannot be stored in a system (Art 2-10), and when Eq 
(2-5) is substituted in Eq (3-3), 



Although Eq (3-4) appears quite formidable, it will be found that 
many of the terms are negligibly small or zero for practical sys- 
tems Such terms have been included here only for completeness of 
presentation 

For example, consider the storage term in Eq (3-4) In most 
cases kinetic energy, if present, will be quite small for the velocities 
that will be encountered in practical systems Also, it is usually 
possible to measure^ the change in storage energy by measurements 
made before flow (or the process) begins and after flow (or the process) 
stops When this procedure is followed, the change in stored kinetic 
energy will be zero because a velocity cannot be maintained for any 
length of time in a closed and undisturbed system A change in 
potential energy, while possible, will be of negligible value for the small 
size of equipment found m engineenng Thus, for most systems, Eq 
(3-4) can be reduced to 


« 2 [”■ (“ + 7 + Jj, + jg. ‘)];;r 

- X K “ + 7 + ^ ‘)]t + - 


1^ 1 Jstorase 


(3-5) 


1 See Art 9-19 
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In the flow terms of Eq (3-5), proper selection of conduit sizes 
allows the kinetic-energy terms to cancel or results m low velocities 
that can be neglected Unless radical differences in elevation are 
present, potential-energy terms will approach zero magnitude With 
these simplifications and the introduction of the convenient property 
of enthalpy (Art 2-11) into Eq (3-5), 

Q lU ~ flow out S[77l/l]flow m “H" (^”®) 

The use of these equations will be illustiated m this and following 
chapters 

3-2. The Closed System. Either Eq (3-1) or (3-4) can be directly 
applied to a closed system noting only that the change in total energy 
is for a nonflow system that contains a constant mass of material 
In this case Eq (3-4) can be reduced [or Eq (3-1) can be expanded] to 
the form 

Q — \V = mlAu -f- 1- Az — ) (3-7o) 

\ Qc 

In the absence of potential-kinetic effects this equation can be writt*^n 

Q - W = AU (3-76) 

and for unit mass of the system, 

Q - W = Au (3-7 c) 

In using these equations tor analysis, the structural parts of the system 
can be considered to approach zero mass, hence, they need not affect 
the process undergone by the fluid However, for real processes per- 
formed in the laboratory, the change m internal energy of all the mass 
or masses in the system must be included 

a Constant-volume Process In Fig 3-la the constant-volume sys- 
tem IS receiving heat of amount Q The restriction of constant volume 
prevents energy from entering (or leaving) the system as compression 
(or expansion) work because the boundary is fixed and immovable 
When Eq (3-76) is applied, 

Q - W = AU 

Assuming that neither electrical nor other mechanical work transfers 
occur, 


Q -- 0 = AI7 

Q = AC7 - [72 - C/i 


(3-8) 
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Equation (3-8) is quite valid if the restnction that work effects are zero 
is remembered However, it is not permissible to examine the change 
in internal energy of a constant-volume system and then declare that 
this change is equal to the heat added For consider Fig Here 

mechanical work is introduced into the system from the surroundings 
and by paddling the fluid and so dissipating the work the same change 



(b) 


Fiq 3-1 Constant volume process, nonflow system (The Ixmndao is an imaginary 
surface that separates system and sui roundings ) 

in internal energy can be produced as was evident from a transfer of 
heat By Eq (3-76) 

Q - TF = AC/ 

Since Q = 0, 

-IF = AC/ = C72 - r/i (3-9) 

(By definition work done on a system is negative; hence, AC/ will be 
positive m sense ) 

This example emphasizes that heat and work are by definition 
boundary effects and must be identified at the boundary because the 
effect of heat and work can be the same The properties of the system 
cannot be used to identify either heat or work In other words, the 
process or path that the system experiences is not sufficient evidence 
by itself to be used for recognizing or measunng either heat or work 
The system of Eq (3-9) can be cooled to the original state by 
abstracting an amount of heat given by Eq (3-8), and these two 
processes can be operated over and over again The net effect of the 
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combination of processes is 

Q = T7 (3-10) 

In this manner work can he completely and continuously converted into 
heat 

b Friction The result of a paddling operation such as described 
above will be evidenced by a rise m temperature of the fluid (or by a 
phase change without change in temperature) To obtain the same 
thermal effect, heat could have been transferred instead of work The 
process as performed is a frictional process 

Friction is the term used when a change occurs through the trans- 
fer of work that could have been attained in whole or in part by a 
transfer of heat. 

Thus, the term friction implies a thermal (heating) effect Any 
operation that expends work by inducing a chaotic turbulence in a 
VISCOUS fluid IS a frictional process 

Mechanical friction may be present in the system If two masses 
are rubbed together, the abrasion of the surfaces causes a rise in tem- 
perature of the rubbing parts Internal energy will transfer from the 
region of high temperature to the region of lower temperature Work 
18 dissipated with the same end result as would be experienced by 
transfer of heat The letter F will be used to designate the energy 
expended m any form of friction 

SURROUNDfNeS 



c Constant-pressure Process In Fig 3-2 the system will be dehned 
to include both working fluid and the piston and cylinder This system 
IS receiving heat Q, carefully regulated to ensure that the fluid is 
always at the same pressure The expansion of the fluid will move the 
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piston that is connected to an external load This is a consiani’-'pre^ 
sure process of a closed system with movable boundanes Applying 
Eq (3-76), 

Q - W = AU 

Q = AU +W 

and 

-W = AU - Q 

These equations do not attempt to predict the amount of heat that 
must be added or the maximum amount of work that can be realized 
from the constant-pressure process The First Law can only show an 
energy balance that must exist between system and surroundings 
For any fixed increase of internal energy, Q and IF may be varied from 
the extreme of zero heat to zero work transfer Heat transfer can be 
made zero by paddling the fluid to increase the internal energy, as was 
done for the constant-volume system Work can be made zero by the 
presence of mechanical friction between piston and cylinder within 
the system (by definition of the boundary) Heat can be added and 
the pressure can be held constant, hut for this system of fluid and 
mechanical parts no useful work need be done on the surroundings 
d Adiabatic Process An adiabatic process is a change of state 
accomplished without transfer of heat In Fig 3-3 the system con- 
SUR/^OUNO/NGS 



Fio 3-3 Adiabatic expansion process, nonflow system 


sists of fluid, piston, and cylinder The fluid is expanding and is 
thereby moving the piston Work may be done To repeat Eq 
(3-76), 

Q - IF = AV 

The condition of an adiabatic process that no heat is to be tiansf erred 
can be approached if the process is quickly performed, and foi the 
limiting condition of Q = 0, 

W = -AU = U, - Ih 






THE FIRST LAW 


53 


Again, no assumption need be made as to the perfection of the process 
The work output from the adiabatic expansion may be zero or greater 
than zero Indeed, the presence of friction could entirely prevent the 
piston from moving 

e. Isothermal Process In Fig 3-4 the system of fluid and mechani- 
cal parts IS maintained at a constant temperature by transfer of heat 
while expansion (or compression) proceeds This is an isothermal or 
consiant-temperature process 

SURROUNDiNGS 



Fig 3-4 Isothermal expuasion pKxess, nonflow system 


/ Constant-iniernal-energy Process In the previous case, heat 
could have been transferred at a rate such that the internal energy of 
the system would have been held constant By Eq (3-76), 

Q -W = AU ^0 

Q = W (3-11) 

The work output from the constant-iniernal-energy expansion can be 
zero or greater than zero The First I^aw merely requires that trans- 
fers of heat and work be equal if the internal energy of the system is to 
remain constant 

A senes of two processes has already been devised to convert con- 
tinuously work into heat [Eq (3-10)] Equation (3-11) specifies a 
process for producing an amount of work exactly equal to the quantity 
of heat added However, this process cannot be continuously oper- 
ated because at some stage of the expansion the piston will have to be 
restored to the initial position, and this will require transfers of both 
heat and work 

A famous expenmen t, first performed by Joule and now called a 
Joule expansion, is illustrated in Fig 3-5. Container A, filled with 
air at a medium pressure, is connected by a valve to container B, 
which IS evacuated Both containers are immersed in water at room 
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temperature When the valve is opened, the air in container A 
expands and pushes part of the contents into container B The air 

doing this operation undergoes a 
quick expansion, and its tempera- 
ture decreases Meanwhile, the air 
first entering B is being compressed 
by the incoming flow, causing its 
temperature to increase But, 
after equilibrium has been restored, 
it will be found that the change m 
temperature for the entire process 
(as shown by the bath thermometer) 
will approach zero Joule thought 
the temperature change was zero 
and concluded from this experiment, lor the system of air alone. 



Fig 3-5 
ment 


Joule’s free expansion experi- 


and 

Therefore, 

and 


Q -W ^ ^U 
Q, TT - 0 
At/ = 0 
t/i = t/s 


That is, the internal energy of air must be a function only of tempera- 
ture; for pressure and specific volume changed, but temperature and 
internal energy were constant More precise tests on air and other 
fluids show that a small drop in temperature is always evident 


For gases at low pressures it can be assumed that the internal 
energy is related only to temperature and therefore is not affected 
by changes in pressure (Joule’s law). 

Such a procedure allows simple (but approximate) solutions to be 
found for many complicated problems where the exact solutions are 
quite difficult to obtain 

An adiabatic expansion of this type without the performance of 
work is called a/ree expansion or, better, a Joule expansion {AU = 0). 

3-3. The Open System. An open system has transfers of mass as 
well as of energy with the surroundings, and Eq (3-4) is the general 
equation Here the evaluation of the storage term presents some 
difficulties; but, if the system can be made to pass penodically through 
the same state, then, for measurements of Q, W, and AEnow beginning 
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and ending with the attainment of this state, the storage term will be 
zero. For most engineering systems either the storage term is zero 
or the periodic fluctuations m value are of a smaller order than the 
accuracy of the expenment For these cases Eq. (3-4) reduces to 

Q - TF = AEbow (3-12) 

Under Eq (3-12) comes a most important group of devices that are 
called steady-flow systems 



A steady-flow open system is one wherein all conditions and 
events at the boundary are unaffected by time. 

To fulfill this definition the following conditions must be satisfied 

1. must be zero 

2 The mass flow into the system must equal the mass flow out of 
the system If this were not so, the system must continually 
increase or decrease m size with time. 

3 The properties of the fluid entering and the properties of the 
fluid leaving the system must be constant (but, usually, not 
equal) in value. 

4 Heat and work transfers must proceed at a constant rate 
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An example of a steady-flow open system is a boiler (Fig 3-6) 
Water enters the boiler at a constant mass rate while steam leaves the 
system at an equal mass rate. Heat must be transferred of amount 
equal to AE'flow. When the boiler is first started, the system contains 
cold water and also the cold boiler shell, and several hours of finng 
must elapse before a steady state has been reached During this period 
of time the heat supplied must equal AFaow + AF«torw« 

The term steady flow implies that a steady state has been attained 
if all mass and energy transfers at the boundary are to be invariant 
with time 



Fig 3-7 Steady-flow system of one flow path (The l30undar> i» an iinagmaij am face 
that separates system from surroundinga ) 

3-4. The Steady-flow Energy Equation. The simplest example 
of steady flow is a system with only one flow circuit as illustrated in 
Fig 3-7 For this system Eq (3-4) reduces to 


n ur { \ \ - PiVi) . 7n{Vl - V\) . mg 

Q_ „ =m(u,-u,)+ j + 

(3-13a) 

Q-W. mih, - ft.) + =21^ + W (,. _ (3.135, 


where Q = heat transferred 
W = work transferred 


if added to system 

— if abstracted from system 
+ if done by system 

— if done on system 


Equation (3-13) is called the general energy equation for steady flow 
(although, m truth, Eq (3-4) is more general). 
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Throughout this text, work, and not power, will be most often 
calculated; thus the mass flow m in Eq (3-13) is considered to have the 
dimension of mass When m is considered to be a mass flow rate, 
then Q and W will also be rates and the symbol for work, PT, should be 
replaced by the symbol for power, P 

P =5= (W Btu/lbm)(w lb„/sec) = Btu/sec 

No symbol is assigned to the heat rate because it is rarely used, m fact, 
the term has another meaning than implied here (Art 12-8). 


Example 1 : A system has a flow rate of 5 Ibm sec“*. The enthalpy, velocity, 
and height at the entrance are, respectively, 1000 Btu Ib;;;^, 100 ft sec“^, and 100 ft 
At the exit these quantities are 1020 Btu lb^\ 60 ft sec'’^, and 0 ft Heat is 
transferred to the system at the rate of 50 Btu sec*"^ How much work can be 
done by this system? 

Solution : When Pvq (3- 13b) is used for unit mass, 


Q - TF = 



(^2 — ^ i ) + 


(vi-yj) g (z.-z\ 

\ / go \ j ) 


(1020 - 1000 ) + 


/502 - lOO^'X 
\2(32 2)778 y 


32 2 /O^ 1^\ 
32 2 V 778 ) 


10 - TF = 20 - 0 15 - 0 13 

W = -9 7 Btu/lb,„ Ans 


This answer, when multiphed by the mass flow rate (Ibm/sec) has the dimension 
of power 

P so —48 5 Btu/sec Arts 


Note that work (or power) must be supplied to the system, a condition indicated 
by the negative sign of W 

3-5. The Continuity Equation. As unit mass of fluid enters the 
open system, a condition for steady flow demands that, in the same 
period of time, unit mass of fluid must leave the system 


and 



Equation (3-14) is called the coniinvtty equation of steady flow. 

The velocity V at any section of the system can be calculated from 
Eq (3-14), and it represents the average velocity at that section It 
IS customary to use this average velocity in the expression for kinetic 
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energ^y although the resulting value is somewhat in error ^ Note that 
for the normal flow of fluid m a pipe the velocity at the wall will be 
zero, while near or at the center of the pipe velocity will be a maximum 
Since each element of mass has kinetic energy in proportion to its 
velocity squared, then the kinetic energy of the entire mass is propor- 
tional to the average of the sum of the squares of the individual 
velocities Since kinetic energy values may be relatively small, the 
difference in kinetic-energy values computed by using the average 
velocity is usually insignificant 


Example 2 : For the data of Example 1 what must be the diameter of the round 
inlet pipe if the specific volume of the fluid is 16 Ihm^^ 

Solution : From Eq (3-14) 


. ^( 100 ) 

A = 0 75 ft' = 108 m ' 

= 11 7m 

3-6. Applications of the Steady-flow Energy Equation, (a) Boiler 



Fig 3-8 System of boiler and single 
flow path of water-steam (Flow path 
of hot gases is m the surroundings ) 


A steady-flow system that has 
already been mentioned is the 
boiler, and the thermodynamic ele- 
ments of this system are illustrated 
by Fig 3-8 Here no work is done 
by or on the system while the differ- 
ence in height between the inlet and 
the outlet flow is of negligible con- 
sequence The velocities of flow 
are held at low values by selection 
of proper pipe Size Then, 

W = 0 Az 0 

2gc 


For this system, Eq (3-13) can be written 


Q = h 2 - hi Btu/lb,^ (3-15) 

Note that the heat added in the constant-volume process was Au; 
in this steady-flow process the heat added is Ah 

b. Reciprocaling-ptston Pump The usual machine for compressing 
gases consists of a cylinder with double-acting piston, that is, compres- 

* Note Art 9-8, and Example 7 



THE FIRST LAW 


59 


Sion occurs on both sides of the piston In Fig. 3-9, niOvement of the 
piston allows gas to be drawn into the cylinder at A while gas trapped 
on the other side of the piston B is being compressed. The compres- 
sion of the gas is regulated by the receiver pressure because the outlet 
(and inlet) valves are merely check valves Figure 3-lOa illustrates a 



spring check valve During the compression stroke the flat spring 
flaps are held against the discharge ports of the compressor by the 
pressure in the receiver When the gas being compressed reaches a 
pressure higher than that in the receiver, the flaps are forced away 
from the ports and gas is discharged mto the receiver. When the 



Fig 3-10 Check valves for air compressors (a) Feather valve for inlet or discharge 
ports, also made as a disk with spring 0aps {h) Poppet valve for discharge port 

piston reaches the end of the compression stroke and starts the return 
stroke, the pressure in the cylinder falls, causing the receiver pressure 
to close the discharge valve The piston cannot deliver all the air in 
the cylinder to the receiver because a clearance must be allowed to 
prevent the piston from striking the cylinder head at the end of 
the stroke As the piston moves downward on the intake stroke, the 
pressure in the cylmder will not reach atmospheric (or the suction 
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pressure) until the high-pressure gas in the clearance space has been 
expanded After this point has been reached, the inlet valve (Fig 
3-10) will open because the atmosphenc pressure is higher than the 
pressure in the cylinder. The remainder of the stroke is the true 

intake stroke This reciprocatr- 
^ng-plston compressor is an 
example of a positive-displacement 
machine 

Most, if not all, pistons have 
rings (Fig 3-11) to prevent 
leakage of the gas during com- 
pression The ring is a cast-iron 
circular segment that is slipped 
over the piston and into the 
piston-nng groove When the 
piston IS inserted in the cylinder, 
the ring is constrained to its 
original circular shape and thus 
will exert a pressure against the 
cyhnder wall The mechanical 
fnction of piston rings and piston 
rubbing against the cylinder 
causes the temperatures of these 
parts to rise Since the fluid 
being compressed also experi- 
ences a rise in temperature, cooling of the cyhnder is necessary to 
prevent seizing or scoring of the close-fitted parts 

Although the flow in and out of the cylinder is intermittent, by 
selecting the mJet and outlet boundaries of the system at some distance 
from the cylinder the flow may be considered essentially steady. 
Applying Eq (3-13) to the diagrammatic system of Fig 3-12, 

Q ~ \y h2 — hi when Vi « V2 
or 

W = Ai — h 2 Q 

No assumption is made as to the perfection either of the mechanism 
or of the process Here the imperfections of the mechanism will cause 
not only an increase in the internal energy of the working fluid from 
undesirable turbulence but also an increased heat transfer from fnction 
of the piston and piston rings on the cylinder Note that the work 



Wnsf pm 


Connecting rod 



‘Cornpressfon control 
control rings ring 

(b) 

Fio 3-1 1 Pistons and piston rings (a) 
Double-acting air-rompressor piston (6) 
Single-acting combustion-engine piston 
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computed by the above formulas is not an ideal value but an actual 
value for a real machine 

In practice, Q would be difficult to determine for the entire system 
because it would include not only heat transferred to the cooling 


^trouf 



in 


Fig 3-12 System of air compiessor and single flow jiath of air. (Flow path of cooling 
water is in the surroundings ) 

water but also heat transferred by radiation and conduction to the 
surroundings. 

In compressing fluids it is well to remember that the work required 
IS measured both by the force applied and the distance of application 



GAS COMPRESSION LIQUID COMPRESSION 

Fig 3-13 Comparison of gas and liquid compression pi o( esses 

of the force In Fig 3-13a a gas is compressed from p to p + Ap, 
while the piston is moving a distance L If Ap is small, the work is 
approximately equal to 

W « pAL 

If a liquid is substituted for a gas, the piston can move only the 
infinitesimal distance SL before the pressure has increased from p to 
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p + Apj and the work is approximately 

W » pA5L 

Obviously, the work necessary to compress a liquid is only a small 
fraction of that necessary to compress a gas through the same pressure 
range because hL is but a small fraction of L (Of course, the internal 
energy of the gas is proportionately increased by compression while 
that of the liquid is little affected ) However, the total work required 
for a steady-flow liquid pump may be considerable even though com- 
pression work is negligible because work is also necessary to produce 
the flow energy of the liquid 

c. Centrifugal Pump Centrifugal pumps similar to those shown in 
Fig 3-14a, h, and c are used to pump gases or liquids The fluid enters 
the inlet at 1 and passes into the impeller where part of the compression 
occurs as a result of the radial flow of the fluid induced by centrifugal 
force The fluid leaving the impeller has a high velocity, and, when 
this velocity is reduced by the diffuser or by a scroll case, the pressure 
is again increased Thus, compression occurs without positive dis- 
placement of the fluid In this and in most open systems, the change 
in potential energy is insignificant in comparison with the change in 
other properties, the change in kinetic energy approaches zero if, as is 
the usual case, the entering and leaving pipes are proportioned to give 
reasonably low (or equal) values for the average velocity Applying 
Eq (3-13) with the above thoughts in mind, 

Q -W = h 2 -hx Btu/lb,„ 

Since no means are indicated for cooling the machine, heat trans- 
ferred to or from the real system will result from unavoidable radiation 
or convection If the temperature of the fluid is of the same order as 
that of the surroundings, or if a high rate of flow is maintained, the heat 
loss per unit of mass of fluid will be slight and can be considered to be 
zero Hence, 

W = Jihi - h2) ft lb//lb^ 

P = mJQii — hi) ft lb//sec 
m = mass flow rate Ib^i/sec 
h = enthalpy Btu/lb,„ 

J = 778 16 ft lb//Btu 


The horsepower required to drive the pump equals 

, mJ{hi — hi) _ m(hi — hi) 
“ 550 b 706 
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The above computations indicate that all the energy transferred 
to the system as work could be accounted for by changes in the 
properties of the working fluid This does not imply that the mecha- 
nism of the system and the process is ideal For instance, work will 
be necessary to overcome friction in the beanngs, and the effect of this 
friction will be to raise the temperature of the structural parts. The 
analysis implies that, since Q can be considered zero, the parts are 
continuously cooled and kept at a constant temperature by the working 
fluid The work put into the machine to overcome friction reappears 
as an increase in internal energy of the working fluid In a similar 
manner, part of the work put into the system may be dissipated in 
creating undesirable turbulence of the fluid, and this energy also 
reappears as an increase in internal energy of the fluid The analysis 
makes no attempt to set up an ideal process and is simply an energy 
balance for the real (or ideal) system under observation 

Flow through the centrifugal pump is continuous and at a high 
velocity, while in the leciprocating pump the flow is intermittent and 
at low velocities For these reasons the size of the centrifugal pump 
18 only a fraction of the size of a reciprocating machine that is able to 
handle the same mass flow But accompanying this advantage is the 
disadvantage that high velocities cause undesirable turbulence and 
therefore a greater work input Since, relative to liquids, a large 
amount of work is required to compress a gas, any increased work 
necessary because of the inefficiency of the machine aviII cause a 
proportionate increase m cost that is already high For this reason 
centrifugal pumps are used to compress gases only through limited 
pressure ranges In pumping liquids, although the same inefficiencies 
exist, the smaller amount of work required to compress a liquid makes 
the loss from turbulence less serious, especially when the initial cost 
and size of the pump are considered The centrifugal pump is uni- 
versally used for pumping liquids unless the mass flow rate is minute 
Compressors of any type can be analyzed in the same manner as 
the centrifugal pump A fan (Fig 3-14d and e) is used to displace 
large quantities of air or gas with little pressure nse (for purposes such 
as ventilation), while a blower (Fig 3-14c and /) is used to force air 
under pressure In the Roots blower the air is trapped between the 
casing and the lobes of the rotor, and compression of the air does not 
begin until the outlet has been uncovered The Roots blower, unlike 
other rotary compressors such as the centrifugal supercharger, is a 
positive displacement compressor because a definite quantity of fluid is 
displaced in each revolution of the rotor An axial-flow compressor is 
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I (f> 
Inlet 


Fio 3-14 i^co'nlxnued) Pump8> fans» blowers, and compressors (d) Centrifugal fan 
(low pressure 1-20 in HjO) (e) Tubeaxial fan Gow-pressure propeller wheel) (/) 
Roots blower (medium pressure 1^30 psi). 
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shown m Fig. 3-14gr. Here are numerous stagea of airfoil section 
blades so arranged that the fluid is accelerated by the moving blades 



Fig 3-14 
pressor 


{continued) Pumps, fans, blowers, and compressors {g) \xial flow com- 


q f 7 r^3 

kinetic energy is transf 


The fluid IS then slowed down, and kinetic energy is transformed into 
pressure energy By using a large number of stages, the kinetic 

increase in each stage is small and 
the efficiency of transformation is 
high 

d Nozzle. A nozzle (Fig 3-15) 
is a device used to transform in- 
ternal energy into kinetic energy 
Fluid enters the nozzle at high 
pressure and expands to a lower 
pressure maintained by some means 
at the exit For the system shown 
m Fig 3-15, little heat is trans- 
ferred (by radiation, etc ), and no 
work 18 done Applying Eq. (3-13), 



Q-W 


hi hi -\- 


VI - v\ 

2Jgc 


= 0 
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or 


VI - VI , 

^ /ll — /l2 


(a) 


A relationship between Fi and F 2 can be found from the continuity 
equation. 

^ ^ A2V2 

Vi Vz 


or 



Substitution of this value in Eq (o) gives 


VI 

2Jgc 


1 - 



F 2 = Fc \/2Jgc{hi — hz) 


(3-16) 


where Fe is called the corTection factor for initial velocity and equals 


Fc 



(3-17) 


When the initial velocity is small, the correction factor approaches a 
value of unity and can be neglected 

Do these formulas predict the maximum velocity that will be 
attained? No, because a porous plug at the exit of the nozzle would 
cause a profound change in the velocity Similarly, a nozzle with 
rough walls would cause a like decrease These formulas merely 
indicate the relationship between properties that must be maintained 
in any nozzle, real or ideal 

e. Throttling Process Whenever fluid expands from a region of 
relatively high pressure to a region at 
a lower pressure, either work can be 
done or changes in kinetic or poten- 
tial energy can be produced. In the 
absence of these energy transforma- 
tions the process is literally described 
by the name throttling In Eig 3-16 
a valve is used to throttle the flow, Fio 3-I6 Throttling through globe 
although any other restrictive device 

could have been substituted The fluid expanding through the valve 
acquires a high velocity, which is dissipated m aimless turbulence of 
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the fluid When it is considered that either the expansion or the kinetic 
energy produced by the expansion could have been utilized to do work, 
it 18 evident that throttling is an undesirable process 

Applying Eq (3-13) to the throttling process of Fig 3-16, 

W = h- hi + iQ and W = 0) 

2Jgc 

The change in velocity in most systems will be small, or it can be made 
zero by proper selection of pipe sizes For this condition 

hi = As (3-18) 

This steady-flow throttling process has become known as the Joule- 
Thomson expansion (AA = 0) It is usual to consider that heat trans- 



Fiq 3-17 Elements of steam or gas impulse turbine 


fer is zero because throttling in general occurs at a section that has 
little length 

Throttling and friction affect the properties of the fluid to the same 
degree as a transfer of heat Friction dissipates work while throttling 
dissipates energy that could have been transformed into work The result 
of either factor is a thermal change that could have been accomplished 
by transfer of heat, and for this reason the term friction will be used as 
a general synonym for such losses The symbol of designation 
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for energy spent in throttling will be the same as that for fnction, 
namely, F. 

f Gas or Steam Turbine The elements of a small steam turbine 
(Fig 3-17) are essentially similar to those of a gas turbine, and the 
same explanation will apply to either machine Steam at high pres- 
sure passes through a regulating or throttle^ valve and enters the steam 
chest Upon leaving the steam chest, the steam enters one or more 
nozzles that ar§ located adjacent to a wheel or rotor. Along the peri- 
phery of this wheel are the blades or bwkets. The steam passing 
through the nozzle expands and attains a high velocity with corre- 
spondingly high kinetic energy The high-velocity stream leaves the 
nozzle and impinges on the blading, causing it to move (Accordingly, 
a turbine of this type is called an 
impulse turbine ) As each blade 
rotates out of the path of the high 
velocity steam jet, another blade 
takes its place, and a continuous 
rotational force is thus applied to 
the wheel (Fig 3-18) The speed 
of the wheel is controlled by the 
governor (Fig 3-17) If the load 
is decreased and the turbine over- 
speeds, centrifugal force will cause 
the governor weights to move out- 
ward and tend to close the throttle 
valve As the throttle is closed, 
the pressure in the steam chest decreases, the drop in pressure through 
the nozzle also decreases, and lower velocity is attained by the steam 
and therefore less impulse is given to the turbine wheel 

It may be of mterest to examme the mechanism whereby work can be done 
by a jet of high-velocity fluid In Fig 3-18 the fluid leaves the nozzle at high 
velocity and enters the curved-blade passage A diagrammatic sketch of the 
vector velocities and blade shape appears in Fig 3-19 The mitial absolute 
velocity Fa has a velocity relative to the blade of Vr because of the blade speed Vb 
The contour of the blade causes the direction of the fluid to be reversed, thus 
exertmg a force on the blade The fluid leaves the blade without change m value 
of the relative velocity if friction is absent The absolute velocity of the fluid 
leavmg the blade is the sum of Vr and Vi as shown The work done can be found 
by calculatmg the force exerted on the blade or more simply by finding the decrease 

* The Ime valve is also frequently called the throttle even though this valve is 
not used to throttle the steam (except, of course, m starting), similarly, line 
pressure is unfortunately called the pressure at the throttle 
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in energy of the fluid In the absence of fnction the fluid will not be changed by 
th»r process, and the work done will equal the change in kinetic energy for the 
fluid. From Fig S-20 and the flow equation (3-13), 


0 — TTblKla — hi — }l2 -\- 


- VI 
2Jgc 


^Nozzle 


XT (Tnfftetljef 
velocity) 



^ (Bfifcle 
velocity) 


^5 (^inaljet velocity 

essentially perpenelicular) 


Fiq 3-19 Ideal velocities in nozzle and blade (no fnction) 





roundings ) 


But Q ■■ 0 and AA = 0 (no friction) , therefore, 


blade ™ 


V! - VI 


2Jgc 


If fnction 18 present, A/i is not zero and 


IFuade = /l2 hif + 


VI - V\ ^ 

2Jgc 


The effect of fnction is a decrease in velocity of the fluid, and this dissipation of 
kmetic energy causes the enthalpy to mcrease with less work done by the system 
A relationship can be found for the enthalpy and velocity changes across a blade 
for conditions of fnction, for if friction is present, the velocity relative to the blade 
wdl decrease as flow proceeds across the blade Consequently, the relative 
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velocity entering the blade will be larger than the relative velocity leaving the 
blade, while the dissipation of kinetic energy will be reflected in an increase m 
enthalpy of the fluid To an observer standing on the blade, the blade will be 
stationary while the fluid enters with velocity Vr and leaves with velocity Vt/ 
No transfer of work is evident to the observer located upon this stationary system, 
and therefore 

Q - W ^ «= 0 

2*7 Qc 


and 


htf 


— 


V\ - Vlf 


2Jgr 


On leaving the blade, the fluid may still have a relatively high velocity This 
18 reduced by fluid turbulence within the casing and exhaust pipe (with consequent 
increase m enthalpy), and the leavmg velocity is essentially small 



Fig 3-21 Nonadiabatic system for flow through entire turbine 


In the same manner as for a blade, Eq (3-13) can be applied to the 
entire turbine, ignoring entirely the changes taking place within the 
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system (Fig 3-21) 

F? — F* 

Q - = hi- hi + 2Jgl 

Here, whether or not the turbine is of the impulse type is unimportant 
Heat transfer for this system represents that unavoidably radiated 
or conducted to the surroundings Although the total quantity of 
heat transferred may be large, the amount per unit mass flow through 
the turbine is small and can usually be neglected The velocities of 
the fluid entering or leaving the turbine are small m value (but not the 
velocities within the turbine) and also can be neglected 

IFturbIno ~ hi hi Htu/lb»n 

The question again anses Is this the maximum work that can be 
done by the turbine? No decision can be made from the evidence at 
hand The work output is merely shown to be the difference between 
the total energy put in and that taken out of the system, and this 
relationship will be true for real or ideal machines 

g Condensers A surface condenser consists of a shell enclosing a 
number of tubes in the manner illustrated in Fig 3-22 Cold water is 
admitted to the water box and then passes through the lower bank of 



Fia 3-22 Two-pass surface condenser 

tubes to the opposite water box Here it passes upward and back 
through the upper bank of tubes This is a two-pass condenser 
Steam is admitted at the top of the condenser and passes downward 
over and between the tubes and condenses on the cold surface of the 
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tubes The condensate is collected in the hot well and pumped back 
to the boiler An advantage of a surface condenser is that it permits 


re-use of the condensed steam as 
boiler feed water Since the feed 
water in many localities must be 
distilled or treated to prevent 
deposits in boiler and turbine, the 
use of a surface condenser will 
effect a considerable saving in 
treating costs. Too, the water 
used for condensing the steam 
never comes in contact with the 
condensate and any cheap water 
supply can be used for cooling the 
condenser 

Figure 3-23 is a diagrammatic 
sketch of this system Equation 
(3-13) applied to Fig 3-23 shows 
that 

Q = ^2 — 

because 

Fi « F2 



Fig 3-2.1 System of surface oondenser 
and single flow path of steam condensate 
(Flow path of cooling water is in the 
surroundings ) 


hi Btu/lb,„ 

« 2. IF - 0 


3-7. The Power Cycle. A simple steam powei plant is shown in 
Fig 3-24 Water is pumped into the boiler by the centrifugal pump 


SURROUNDINGS 



Fig 3-24 Heat-power cycle oijen system (single flow path of water) 

and is evaporated into steam while heat is supplied at a high tempera- 
ture The steam flows through a turbine doing work W and then 
passes into a condenser where it is condensed into water This is a 
heat-rejection process at a temperature approaching that of the 
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atmosphere. Examination of the water leaving the system shows that 
it has the same properties as the water entenng the system despite the 
number of processes that have occurred. The water has gone through 
a cyde, 

A cycle is said to occur when the working fluid of a system experi- 
ences a number of processes that eventually return the fluid to 
the initial state. 

Applying Eq (3-13) to the open system of Fig 3-24, 

But Z\ = Zi^Vi — V2 and h\ = because the properties of the water 
entering and leaving the system are the same, and 

2Q = XW 

where ZW = turbine work + pump work (pump work is a negative 
quantity) 

Since all power cycles have a heat-rejection process as an invariable 
characteristic, the work done is always less than the heat odded^ 
although, as shown above, it is equal to the net amount of heat 


S U R R OUN 0/N6S 



Whenever a cycle occurs, an open system can be converted to a 
closed system In Fig 3-24 the water leaving the system can be 
diverted back to take the place of the water entering the system 
This new closed system is shown in Fig 3-25 The energy of this 
system is constant because at any point within the system the condi- 
tions or events occurring are always the same (assuming steady-state 
operation) Equation (3-1) can be directly applied to this closed 
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system: 


20 - ZTT = 0 

2Q = ZW 


which IS, of course, the same answer as before. 

Most of man’s efforts to obtain work from conversion of heat energy 
have been directed toward improving the efficiency of a power cycle. 

The efficiency of the cycle in producing work from heat is called 
the thermal efficiency. 


— done _ 2Q 
heat added 


(3-19) 


In many instances, the cycle is not complete; for example, in Fig. 
3-24 the condenser could be eliminated and the turbine could exhaust 
to the atmosphere Realization that in this case the values for Qa 
and W are not affected by the change enables the thermal efficiency to 
be written as 


ZW 

Qa 


(3-20) 


However, incomplete cycles must be carefully examined to ensure that 
proper values are given to ZW and Qa, else a fictitious value for the 
thermal efficiency will result Ohvtouslyy recognition of the cycle is a 
prerequisite before a cycle efficiency y which is called thermal efficiency y 
can be calculated. The power cycle is characterized by a heat-addition 
process at a high temperature and an inevitable heat-rejection process 
at a lower temperature. No system has yet been devised that would 
have a thermal efficiency of as much as 50 per cent, while values of 10 
and 20 per cent are more usual In Art. 3-2 a cycle was devised that 
completely and continuously converted work into heat No problem 
attended this conversion The reasons for failure to convert heat into 
work completely and continuously cannot be surmised from the First 
Law but must be left for a later chapter to explain. 


Problems 

CLosiiD System 

1. A system receives 100 Btu of heat while work of amount 125 Btu is trans- 
ferred to the surroundmgs Is this possible? 

2 . A system transfers 100 Btu of heat to the surroundmgs while receiving 
100 Btu of work What is the name of the process? 

3. The energy of a system mcreases by 50 Btu while 75 Btu of work are 
transferred to the surroundmgs Is heat added or taken away from the system? 
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4. o. The energy of a S3rstein increases by 50 Btu while the system is receiving 
40 Btu of work How much heat is transferred and m what direction? 

h The energy of a system decreases by 26 Btu while the system is receiving 
30 Btu of work How much heat is transferred? 

c During an expansion process, the work transfer is 10 Btu while the heat 
received by the system is 20,000 ft lb/ What is the change m energy for the 
system? 

6. During a compression process the work transfer is 8,000 ft lb/ while the 
heat received by the system is 26 Btu. What is the change m energy for the 
83rBtem? 

6. A constant-volume system receives heat of amount 10 Btu and work of 
amount 5 Btu Fmd the change m energy. 

7 . A closed system consists of a cylmder of water and ice stirred by a paddle 
wheel For the process the work was 17 Btu hr“^, the mitial mternal energy was 
133 Btu, and the final mternal energy after one-half hour of stirrmg was 126 Btu 
Fmd the heat exchange m Btu per hour. Is the temperature of the system nsmg 
or fallmg? 

3 . A piston-cyUnder arrangement has a gas in the cylinder space During a 
constant-pressure expansion to a larger volume, the work effects for the gas are 
1 60 Btu, the heat added to the gas and cyhnder arrangement was 3 17 Btu, and 
the friction between the piston and cylinder wall amounted to 0 25 Btu Deter- 
mine the external useful work done by the process, the change in internal energy 
of the entire apparatus (gas, cylmder, piston), and the change m mternal energy 
of the gas only 

9. List a number of systems that will contmuously and completely convert 
work mto heat 

10 . The energy of a constant-volume process mcreases by 10 Btu while only 
5 Btu of heat are added Was work transferred during this process? Can your 
statement be proved? 

11 . An adiabatic compression process mvolves the transfer of 10 Btu of work 
What are the value and direction for the change m energy of the system? 

12 . Repeat Prob 11 but assume that the process is one of expansion 

13 . An expansion process at constant energy mvolves the transfer of 10 Btu 
of heat Determine the value and direction for the transfer of work 

14 . Devise an expansion process at constant energy that would not mvolve 
either heat or work. 


Steadt-flow System 

16 . A system has a mass flow rate of 1 Ibm sec*"* The enthalpy, velocity, 
and height at the entrance are, respectively, 100 Btu lb“*, 100 ft sec*"*, 300 ft 
At exit these quantities are 99 Btu Ib”^, 1 ft sec"^, —10 ft Heat is transferred 
to the system of amount 6 Btu sec“* How much work is done by this system 
(a) per pound of fluid flow, (6) per mmute, (c) m horsepower? 

16 . Repeat Prob 15, changmg the entrance and exit conditions to hi « 1000 
Btu lb-*, Vi - 10 ft sec-*, zi - 100 ft, fcs - 1030 Btu lb**, Vz - 10 ft sec"*, 
Zi " 50 ft 

17 . On entermg a system the pressure is 1(X) psia, specific volume 3 ft* lb”*, 
and mternal energy 900 Btu lb”* On leavmg, the pressure is 90 psia, specific 
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volume 4 ft* lb;;', and internal energy 850 Btu lb“'. If the process is adiabatic 
and without change m kmetic or potential energy, how much work can be done? 

18 . A fluid enters a system with a velocity of 10 ft sec”^ through a 6-m diameter 
round pipe The enthalpy is 1000 Btu lb“^, mternal energy is 900 Btu lb~', and 
the pressure is 100 psia At exit the enthalpy is 900 Btu lb;;' If the process is 
adiabatic while the changes m kinetic and potential energies are neghgible, find 
the rate of work transferred in horsepower 

19. Water enters a boiler with enthalpy of 60 Btu lb“' and steam leaves with 
enthalpy of 1200 Btu lb;;' How much heat was transferred? Define the system 

20 From Fig 3-6 define a system that will allow steam to be generated without 
flow of heat to your system What is transferred in this double-circuit flow system? 
Set up an equation for the system of combustion gases alone m Fig 3-6 

21. Enumerate difficulties m evaluating the storage term of Eq (3-4) How 
are these difficulties circumvented? 

22 . From Fig 3-9 define a system that will be essentially adiabatic How 
many flow circuits are mvolved? 

23 An air compressor compresses 100 cfm of air with specific volume of 
12 ft* lb”’ , the enthalpy of the air mcreases 300 Btu mm"^ while the enthalpy of 
the cooling water mcreases 20 Btu lb"' of air delivered Neglectmg changes m 
kmetic or potential energy, find the horsepower required by the system 

24 . A centrifugal air compressor compresses 5 Ibm mm"^ of air from an mitial 
pressure of 14 7 psia to a final pressure of 150 psia The change in enthalpy of 
the air is 25 Btu lb"' How much work is required to drive the compressor? 

26 A gas expands m a nozzle with the change of enthalpy equal to 50 Btu lb"' 
What will be the velocity of the fluid if the mitial velocity is zero? If the mitial 
velocity IS 100 ft sec"', what will be the final velocity? 

26 A fluid passes through a device wherem the velocity increases from 15 ft 
sec"' to 1,000 ft sec"' without transfers of heat or work What is the value for 
the change m enthalpy? The outlet velocity is dissipated by friction and turbu- 
lence until the initial value for velocity of 15 ft sec"' is regained What is the 
value for the change in enthalpy when this condition is reached? 

27 . As the flow jet passes across a turbine blade without friction, its velocity 
18 reduced from 1,500 ft sec"' to 500 ft sec"' How much work can be done by 
the system of blade and fluid? 

28 . As the flow jet passes across a turbine blade with friction present, its 
velocity IS reduced from 1,200 ft sec"' to 300 ft sec"' while the enthalpy increases 
10 Btu lb"' How much work can be done by the system? 

29 . The enthalpy of the fluid entering a reaction turbine is 1000 Btu lb"' while 
at the exit the enthalpy is 900 Btu lb"' How much work can be done by this 
system if changes in kmetic and potential energies are negligible and the system 
IS essentially adiabatic? How can this problem be solved, since you do not know 
the sequence of processes or the mechanism withm the turbme? 

30 Steam enters a condenser with enthalpy of 1000 Btu lb"', and condensate 
leaves the condenser with enthalpy of 80 Btu lb"' The coolmg-water circuit 
has a temperature increase from entrance to exit of 10°. If this temperature nse 
corresponds to an enthalpy increase of 10 Btu lb"' of cooling water, how many 
pounds of cooling water are needed to condense 1 lb m of steam? 

31. Steam enters a four-pass condenser with enthalpy of 1000 Btu lb"' and 
velocity of 300 ft sec"', while the condensate leaves with enthalpy of 80 Btu lb"' 
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and negligible velocity How much heat must be transferred from the system of 
steam and condenser? Repeat, assummg a two-pass condenser 

82 . The heat transferred to a power cycle is 1200 Btu lb“^ while the heat 
rejected is 800 Btu lb** and the pump work is 5 Btu Ib;;^ What is the value for 
thermal efficiency? Ana 17* = 33J per cent 

88 . The heat rejected from a power cycle is 400 Btu lb"\ while the work done 
by the turbine is 200 Btu lb~* and the pump work is 5 Btu lb"* Calculate the 
thermal efficiency 

84 Fluid enters a turbme with velocity of 5 ft sec"^ and enthalpy of 900 Btu 
lb“* and leaves with enthalpy of 800 Btu lb"* and velocity of 300 ft sec"^, while 
the heat loss is 30 Btu mm”^ and flow rate is 1 Ibm sec”^ What horsepower will be 
developed? 

86 . The absolute velocity of the fluid leavmg the nozzle is 1,000 ft sec"*, and 
the velocity of the blade is 500 ft sec"* 

o If the angle of the nozzle to the blade is 12 deg, what angle will the relative 
velocity vector make to the axis of the blade (graphical solution)? 

b Suppose the fluid leaves the blade with a relative velocity only 0 9 that of 
the entering relative velocity What will be the value for the work done by 
the blade? 

c If no friction is present, how much work will be done? 

86 . Water is drawn from a lake, pumped up to a city 486 ft above lake level, 
and forced through the nozzles of a fire hose at 64 ft sec"* Neglecting friction, 
what horsepower is theoretically needed to deliver 5,000 Ibm sec"* of water? 

Symbols 

A area 

Fc correction factor for nozzle 
D diameter 
E energy m general 

e energy m general per unit mass (specific) 

F friction, turbulence, throttling 
g local acceleration of gravity 
gc dimensional constant 

h enthalpy per umt mass (always m thermal units) (spiecific) 
hp horsepower 
J Joule’s equivalent 
L length, distance 
m mass, also, mass flow rate 
p pressure 
Q heat 

U internal energy (always m thermal units) 

mternal energy per unit mass (always in thermal units) (specific) 
velocity, also, volume 
r; specific volume 
W work 

w weight of mass m 
z height 

« approaches equality 
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m 

(eta) 

thermal efficiency 

6 

(delta) 

infinitesimal change 

A 

(delta) 

finite change 

S 

(sigma) 

summation 

A 

added 


b 

blade 


f 

force 


m 

mass 


r 

relative 



Subscripts 
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CHAPTER IV 

THE REVERSIBLE PROCESS 


In his search for the most efficient way to produce work from heat, 
the engineer must examine each process for imperfections From 
experience he has found it easy to convert work into heat but impossible 
to convert heat into work completely and continuously For this 
reason he must avoid processes that allow work, or even a latent 
capability to do work, to be dissipated m friction or turbulence. 

4-1. Available Energy. Not all of the energy contained or associ- 
ated with mass can be converted into work even under ideal conditions, 
but only a fraction of the absolute quantity is available for use This 
fraction is called the available energy and the remainder, unavailable 
energy 

Available energy in the broadest sense of the term is the maxi- 
mum amount of work that can be obtained from a quantity of 
energy in a specified state. 

Consider a system containing energy m many different forms 
Assume that this system is to be used as a reservoir of energy, then, 
the various types of energy would be available for doing work if the 
potential properties for these foims of energy were greater than those 
of the ultimate rescivoir for all systems, the earth and its atmosphere 
(Here the word atmosphere implies the rivers and lakes as well as the 
air of the earth ) For, if a difference in potentials exists between the 
reservoir and the earth, energy in the form of work can be abstracted 
from the reservoir But when the potentials of the reservoir are 
equal to those of the earth, no further transfer of energy is possible, 
and, although the reservoir contains energy, this energy is unavailable 
for doing work In this respect, kinetic and potential energies can 
be considered to be fully available, if only because the values for these 
forms of energy are computed above an arbitraiy datum that is the 
surface of the earth If, for example, the datum of zero potential 
energy were to be established at the center of the earth, potential 
energy would be, to a great extent, unavailable energy Similarly, 

^ It IS also called the avatlahihty (Art 12-13) 
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the potential of pressure enables the system to expand and therefore 
do work by virtue of its internal energy, but such expansion cannot be 
continued to an absolute zero of pressure because the atmosphere of 
the earth exerts an essentially constant restraining pressure (po) If 
expansion is to proceed past the practical datum of atmosphenc pres- 
sure, work cannot be obtained but must be supplied by some other 
system 

When the reservoir involves a flow process, the defined form of 
energy called flow energy (Art 2-9) must also be considered even 
though the source of the flow energy lies in some other system Never- 
theless, the flow energy of the stream is available to do work and 
should properly be included as a part of the available energy of the 
system Here, as in the case of expansion energy, the available part 
of flow energy is that over and above the energy necessary to overcome 
the pressure of the atmosphere (note Art 4-6) 

Thus, the term available energy denotes the latent capability of a 
quantity of energy to do work, and in this sense it can be applied to 
energy in the svstem and, also, to energy in the surroundings, for it 
should be realized that the surroundings are but another system 
Moreover, the term will often be used as a synonym for work, espe- 
cially for cases where the boundary is not well delineated 

But a portion of heat energy could also quite properly be called 
available energy because work can be produced from heat, and the 
term available energy, when used with the broadest possible meaning, 
must include the available part of heat energy The available part 
of heat energy, for simplicity of expression, will also be called the 
availability of heat The evaluation of the maximum amount of work 
that can be obtained by transformation of heat, the availability of 
heat, will be made m Chap V Here it is sufficient to note that the 
temperature of the earth (to) again imposes a lower limit to the abstrac- 
tion of energy in the form of the heat from a reservoir of energy 
4-2. The Perfectly Performed Process. Work must be a more 
precious form of energy than heat because experience shows that only 
a fraction of the heat supplied to a cycle can be transformed into work 
Evidently, the clue to perfection of a process is to ensure that work is 
not being used to effect a change that could be as readily attained by 
transfer of the cheaper commodity, heat 

A process is ideally performed when neither work nor available 
energy is used to cause a change that could have been accom- 
plished in whole or in part by transfer of heat. 
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4-3. The Concept of Reversibility. From experience it is observed 
that work is more adaptable than heat To accomplish the same 
objective as a transfer of heat, work can always be substituted for heat 
(turbulence and frictional effects) But when a change is accom- 
plished by transfer of work, heat cannot be substituted for the work. 
It then follows immediately that, if any process is stopped and made to 
retrace its steps by returning to the system the work and heat previ- 
ously delivered, only the perfect process can do this and regain the 
onginal state 


If a process is reversible, neither work nor available energy has 
been used for purposes that could have been served by transfer 
of heat. 

A perfectly executed process is a reversible process. 
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In many cases it is convenient to test for imperfections by noting 
whether a process can be reversed In other cases it should be remem- 
bered that reversibility is merely a test to ensure that neither work nor 
available energy is misused In 
Art 3-2 work was added to 
a constant-volume system to 
change its state, clearly this is 
an irreversible process because 
no means can be devised whereby 
cooling the system could rotate 
the paddles and deliver back 
to the surroundings the same 
amount^ of work as was origi- 
nally supplied The process is 
undesirable either by the concept of leversibility or by noting that 
work is used for a change that could have been produced by transfer of 
heat 

It will be well to examine instances where irreversibilities occur in 
order to note certain characteristics of the reversible process In Fig 
4-1 IS shown an adiabatic system that consists of working fluid and 
mechanical parts The fluid is slowly expanding in the cylinder and 
exerting a pressure on the piston If mechanical friction is present 
between piston and cylinder or in any other device within the system, 
the net work delivered by the system will be less than a possible 
maximum because part of the available energy is dissipated by the 


Bourr^ary 

Pig 4-1 Adiabatic system of fluids piston, 
and cylinder (Cross section resembles 
that of an air compressor or a gasoline or 
steam engine ) 


^ Thermal currents, however, on cooling might rotate the paddles and so 
deliver a very small amount of work 
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friction If friction is not present, the process can be reversed and the 
onginal st^-te can be regained by returning to the system the work 
previously delivered to the surroundings In this case the system and 
surroundings are returned to their onginal states, and therefore the 
process is reversible 

A reversible process, when undone, will leave no evidence of the 
events in the surroundings. 

Evidently it is correct to say that a reversible process is a friction- 
less process Conversely, an expansion process with friction is an 
irreversible process and obviously delivers less work (and requires more 
work for the inverse process of compression) than the corresponding 
reversible process For the system of Fig 4-1 assume that after the 
f notional (but adiabatic) process the system is to be reversibly returned 
to its initial state To do this the system must hrst be cooled by 
transfer of heat until the internal energy is equal to that remaining 
after the reversible process. Since less work is done by the irreversible 
process, more energy must remain in the system Now assume that 
the friction is eliminated and the system is reversibly compressed back 
to its initial state For these hypothetical conditions, collecting all 
heat and work transfers between system and surroundings shows that, 
because the system is restored to its initial state, 

Q _ SPF = = 0 

Q = STF 

Although, as to be expected from the First Law, no loss of energy is 
experienced by the surroundings, it is found that the surroundings 
had to supply work and accept heat as payment, clearly, this is not a 
fair exchange 

An irreversible process when reversibly restored to its origmal 
state will leave a history of the events in the surroundings. The 
history in every case will reveal an exchange of heat for the more 
precious form of energy, work. 

As a second step in the investigation of the meaning of the concept 
of reversibility, consider the adiabatic system of fluid alone in Fig 4-2 
If the piston moves at a slow speed, the same pressure will exist at any 
instant in all parts of the chamber, and the maximum amount of work 
will be done on the piston Now assume that the piston moves at a 
rate such that a pressure difference is caused to exist between chambers 
A and B A lower pressure will be exerted on the piston than was 
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experienced before, and a lesser amount of work will be done In the 
first process, the piston may be stopped at any time and reversed, 
the gas being compressed from state to state in the exact inverse order 
of the original expansion This is a reversible process 



1 la 4-2 Adiabatic aystem of fluid alone (Cross section resembles that for a precom- 
bustion chamber diesel engine ) 

A reversible process must pass through the same states on the 
reversed path as were imtially visited on the forward path. 

The fluid m the irreversible expansion process was highly turbulent 
because of the variation in pressure Definition of a single state for 
the system was impossible because the properties defining the state 
were not uniform throughout the fluid 

A reversible process must pass through a continuous series of 
equilibrium states. 

This statement requires that the process must proceed at an infinitely 
slow pace if all potentials of the system are to be in balance with the 
surroundings and internally m balance throughout the system 



Fig 4-3 Isothermal system of fluid alone 


It should now be apparent that reversibility is a test for the absence 
of internal turbulence of the working fluid as well as for the absence of 
mechanical friction of the mechanism Even so, the picture is not 
complete, for reversibility is a much broader concept As the third 
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step m this investigation, consider the system of fluid alone lU Fig 4-3 
Here a gas is expanding while heat is being supplied at a rate such that 
the temperature of the gas remains constant If the piston moves at a 
very slow speed, the temperature difference between system and sur- 
roundings can be made extremely small and considered to approach 
zero Then, at any stage of the expansion, the process can be reversed 
and heat transferred from the system by supplying the work that was 
previously transferred to the surroundings The process is reversible 
If the temperature difference is greater than zero, this reversibility is 
not possible because insufficient work will be available to restore the 
piston 

That a temperature difference will prevent the attainment of the 
maximum work can be understood from the following argument A 
reversible and an irreversible expansion process are receiving heat from 
the same temperature source For the reversible process the transfer 
of heat IS taking place with an infinitesimally small temperature 
difference between source and system For the irreversible process the 
transfer of heat is taking place across a finite temperature difference 
Then at any stage of the expansion, the fluid in the irreversible process 
will be at a lower temperature than that in the reversible system, and 
therefore the pressure will be lower The work done by the irreversi- 
ble process will be less than that done by the reversible process 
Similar reasoning shows that more work will be required for the irre- 
versible compression process to achieve the higher temperature neces- 
sary to establish a temperature difference between the system and 
reservoir 


For a reversible process, heat must be transferred only through 
an infinitely small temperature difference. 

A more general indication can be given that a temperature gradient 
is undesirable In Fig 4-4a, a finite temperature difference exists 
between the source A and the system C which undergoes a cycle The 
thermal efficiency of the cycle is 


— — Qa -h Q/i 

Qa Qa 



(a) 


(Qr is a negative quantity ) Now suppose another cycle, system B, 
IS inserted between A and C as shown in Fig 4-4b Let heat of 
amount be reversibly transferred to B while the heat rejected from 
By of amount Qa^ is reversibly transferred to system C (To effect 
these reversible transfers of heat, no finite temperature differences can 
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exist, and therefore the processes must proceed at an infinitely slow 
pace ) But the thermal efficiency for this combination of systems 
B and C is 




^ = 91±9i - 1 -u ^ 


(b) 


In comparing Eqs (a) and (5) note that Qr has the same (negative) 
value for either equation, and Q\ is larger than Qa Therefore, the 
efficiency of cycles B plus C is greater than the efficiency of cycle C 
alone The temperature difference between A and C could have been 



(a) 


(b) 


Fig 4-4 Effect of a temperature difference on thermal efficienc> 


utilized to obtain woik but, instead, was used to hasten the transfer 
of heat (and haste may be well worth this cost) Nevertheless, the 
argument shows that heat transferred through a temperature differ- 
ence IS an irreversibility that prevents the attainment of the maximum 
thermal efficiency 

All the examples have emphasized that reversible processes can be 
stopped at any instant and restored to their original states This 
concept IS more difficult to visualize when applied to open systems 
under steady flow where kinetic effects usually lead to irreversibilities 
Despite this difficulty all such processes, if reversible, can be undone 
so as to leave no trace of the events in the surroundings Consider 
the nozzle wherein pressure decreases and velocity increases, by lead- 
ing the high-velocity fluid through a diffuser the velocity can be 
reduced and pressure increased A diffuser is merely a reversed 
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nozzle but of longer length as illustrated in Fig. 4-5 The combination 
of nozzle and diffuser is called a venturi 

It IS helpful to divide the irreversibilities present in a system into 
two classes, internal and external. An internal irreversibility is any 
factor present within the system that prevents the attainment of a state of 
equilibrium^ such as turbulence or the presence of any potential gradient 
An external irreversibility is a factor present at the boundary of the system, 
such as mechanical friction or a temperature difference. By redefining 
the system, external irreversibilities can be made part of the surround- 
ings, and the new system may approach reversible operation (if further 

internal irreversibilities are absent) 
To achieve reversible opera- 
tion, a process must proceed at an 
infinitely slow pace, and finite speed 
of operation prevents attainment 
,, . .. of the ideal (while the slow pace, in 

itself, would certain!}^ be impracti- 
cal in this world of haste) Certain processes, however, can approach 
reversible operation while others can by no means be rationalized to 
show reversibility. The task of the engineer is to recognize and 
evaluate the factors preventing complete reversibility and to select for 
purposes of power those processes that, if not reversible, at least have 
adequate justification for the irreversibilities that may be present 
4-4. Work and the Closed System. The work of expansion for a 
closed system that is initially in a state of equilibrium is derived 
entirely from the potential of pressure moving the boundary against a 
resistance furnished by the surroundings For the more general case, 
the pressure is not constant during the process but has different values 
as the expansion or compression proceeds The maximum^ work will 
be realized when the process is conducted reversibly For any expan- 
sion or compression process the work can be evaluated by 

W = force X distance 

The force arises from the pressure of the system acting upon a movable 
area of the boundary force equals pressure times area This area 
will be forced through a distance L against the resistance of the sur- 
roundings, and the work obtained is 

= f pA X dL 

nonflow *' 

IntegratVoiv is necessary \>ecanse pressure is not necessarily constant 
' Or the muiunum work for compression 
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But AdL is dV, the change in volume, and therefore 

Wr„ = fj' pdV = m pdv (4-1) 

nooftow JVi J'^i 

This is the work of a reversible process from the potential of pressure in a 
closed system To evaluate this expression, the relationship between 
pressure and volume must be determined for the process under condi- 
tions of reversibility. 

To study a process, it is convenient to show the change on a dia- 
gram that has properties as coordi- 
nates The pv diagram (Fig 4-6) is 
important because the area under 
the pressure-volume path may he 
work, for this area is fpdv Since 
each state on the diagram presup- 
poses an equilibrium state, a contin- 
uous path (1-2) can be rigorously^ 
interpreted only as an internally 
reversible process This is not as 
serious a restriction as it might 
seem For fluids compressed or ex- 
panded within a cylinder by a piston 
the internal ii reversibilities may 
be quite negligible However, for 
fluids compressed by centrifugal 
means the pv diagram should be used only to show the initial and final 
states These two states can be located and connected by a dashed 
line (1-3) to indicate the uncertainty of the path, for in such processes 
there may be finite difterences in pressure, temperature, specific 
volume, and other pioperties, and a single state for the system is 
impossible to define In other cases of irreversibilities it may be 
possible to stop the process (if only m imagination) at frequent inter- 
vals and so attain an equilibrium state The path can be approxi- 
mated in this case by connecting the known (or imagined) equilibrium 
states (1-4) 

Example 1 • During a reversible and non flow expansion process the pressure 
and specific volume are observed to be related by the relationship 

pv^ as C (constant) 

"Derive a formula for the work done 

^ Real processes, however, that approach reversibility will be shown as solid 
lines m subsequent figures 



1 2 Reversible expansion path 

/ “ “ "J Inakferminoife expansion path 
( irreversible) 

1 — Approximate expansion path 
( irreversible) 

Fig 4-6 Pressure specific- volume {pv) 
diagram 
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4-6. The Engine Indicator. In the laboratory, the pressure in the 
cylinder of a large, slow-speed engine may be found by using an indica- 


Cal/brafed 
6pnnq f b) 


* Reaprocarftn^ 

/ motion of rum 


Drum(e) 


Pisfon feel 



\ Path of 
stylus 

'Stylus (d) 


Coro! to rectuc/nq 
and recjprocahnq 
motion 


Cylinder 
gas pressure 


Fia 4-7 Engine indicator 


tor such as illustrated in Fig 4-7 The indicator can be attached to the 
engine cylinder to allow the gas pressure to be applied against the 
piston a Attached to this piston is a calibrated spring 6. The verti- 
cal movements of the indicator piston, caused by pressure changes in 
the engine cylinder, are multiplied through the pencil-arm mechanism 
c This motion is indicated by the stylus d, which marks the pressure 
on a card mounted on the drum e By use of a suitable reducing 
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motion driven by the engine, the drum can be given a reciprocating 
motion proportional to the movement of the engine piston. In 
operation the drum oscillates in time with the engine piston while the 
stylus moves through vertical distances proportional to the cylinder 
pressures and thereby draws a pressure-volume (pF), but not specific- 
volume {pv)j diagram Whether the engine process is reversible or 
not, the indicator, if precise, will draw a diagram exactly proportional 
to the work done by the fluid (as explained in the next paragraph) if the 
pressure on the indicator piston is the same as that on the engine 
piston. For the usual locations where the indicator is tapped into the 
cylinder, even the fastest engines^ will not create a significant pressure 
difference between indicator and engine piston 

In Fig 4-2, if the indicator is attached to chamber A, the work 
done obviously cannot be determined from the chart because the work 
bears no simple relation to the pressure experienced by the piston 
But if the indicator is connected to chamber B, so that the pressure 
measured is that exerted on the engine piston, the exact work done by 
the fluid can be determined by measuring the area under the trace 
drawn by the indicator The reason it can be determined thus is that 
the chart is merely a measure of force times distance (because pressure 
times the area of the piston m the engine is force w hile the base of the 
diagram is proportional to the stroke of the engine, or distance tra- 
versed by the piston) Nevertheless, the properties of the system 
cannot be portrayed by the pV diagram of the indicator (for the system 
of Fig 4-2) because the system properties are nonuniform during this 
highly irreversible process the pressure vanes , the specific volume also 
vanes, and the temperature of the fluid is lower near the walls than in 
the center of the cylinder. These nonuniformities in the properties 
are magnified by the pressure difference between chambers A and B 
In summary, then, though the work of the irreversible process can be 
measured by the pV diagram quite accurately, the process cannot be 
shown on a pv diagram with an accuracy reasonably approximating that 
possible for the leversible process 

In many instances the pressure throughout the entire system can 
be considered essentially uniform (as in Fig 4-3). Here the pressure 
can be accurately measured by an indicator, and it will be a property 
of the entire system. Since the volume and the mass of fluid within 
the cylinder can be measured, then the average specific volume of the 

' But too rapid preesure changes cannot be measured because the mertia of 
the moving parts of the indicator will cause the stylus to overrun However, 
electrical measuring equipment can be used to overcome this difficulty 
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fluid also can be computed A path can be drawn on a property 
diagram of pressure and average specific volume that will approximate 
a reversible path, at least within the accuracy of the measuring 
equipment In this case, as in the other, a precise indicator measures 
the indicated work of the fluid quite accurately, but here, unlike the 
other case, the diagram can also be construed to be a diagram of 
properties as well, pressure and average specific volume. 

The indicator is usually attached to a reciprocatmg-piston engine 

Now, when the fluid expands in 
the cylinder of the engine, the pres- 
sure is recorded by the indicator 
at each stage of the piston travel 
{ahc of Fig 4-8) If the area under 
this trace is divided by the length 
of the base and multiplied by the 
spring sc ale ^ of the indicator, the 
average pressure exerted during 
the expansion stroke can be com- 
puted When a different process 
IS followed in restoring the piston 
to its original position, a different 
sequence of pressures is traced, 
and for this reverse stroke of the 
piston the indicator drum will 
also reverse its direction {cda of 
Fig 4-8) Here, as before, an average pressure can be computed 
for the stroke, but here the pressure opposes the motion of 
the piston Note that, whenever a change occurs in the direction of 
movement of the engine piston, a change must also occur in the alge- 
braic sign of work. In Fig 4-8, whenever the volume increases, work 
IS done by the fluid; whenever the volume decreases, work is done on 
the fluid Since the pressure within the cylinder cannot be discon- 
tinuous, the pressure-volume diagram must form an area that will be 
complete when the fluid Withm the cylinder is restored to the initial 
state that marked the beginning of the diagram Figure 4-8 shows 
that the difference in work areas will equal the enclosed area of the 

^ The spring scale is related to the strength of the spring, the size of the indi- 
cator piston, and the multiplying factor of the stylus It is expressed in units of 
pressure per mch Thus, a spring scale of 50 means that an increase m pressure 
of 60 pel will cause the stylus of the mdicator to move through a vertical distance 
of 1 m 



TDC ^ BDC 


TDC-lop dead center (inner limit of 
piston stroke) 

BDC* Bottom dead center (outer limit of 
piston stroke) 

Fig 4-8 Pressure volume {pV) indica- 
tor diagram 
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diagram Instead of determining the average pressure for each stroke 
of the piston, the enclosed area of the diagram is measured, and a net 
average pressure is calculated The net average pressure for the dia- 
gram IS called the indicated mean effective 'pressure for the diagram, and 
it 18 the algebraic sum of the average pressures for each stroke of the 
piston • 


Pim = imep 


closed area of diagram , , , 

i ; r- r 1 — ^ X spring scale 

length of base ® 


The indicated mean effective pressure can be defined as that constant 
pressure that, by acting alone ^ throughout one stroke, can perform the 
same amount of work as the varying pressures do in the complete 
cycle of strokes Thus, the indicated work of one diagram is 


TFind == (imep) (area of piston) (length of stroke) 

= PimAL 


The product AL is called the piston displacement Vd, and for one 
diagram 

[nd — Plm V D 


(The usual units are pim in lb/ in m in and TFind in ft Ib/ ) 

Of course, the work done by the engine, the shaft work, will be less 
than the indicated work because of friction between piston and cylinder 
and other moving parts of the engine Conversely, if the engine is 
driven in the manner of an air compressor, the indicated work will be 
less than the shaft work that must be supplied In either case the 
difference between the indicated and the shaft work is the friction 
work (note that the algebraic sign of TFfnotion is always positive) 


IV ind — ^V abaft frlctioa 


4-6. Work and the Steady-flow Open System. In the absence of 
kinetic and potential forms of energy, the work of the steady-flow 
process from the potential of pressure can be determined as follows’ 
In Fig 4-9 are shown a piston and cylinder constructed with zero 
clearance ^ With all processes reversibly conducted suppose that 
unit mass of fluid with pressure pi enters the cylinder (which is the 
system) through partition or valve at A and pushes the piston down- 

^ Here the restraint of the atmospheric pressure can be ignored because m the 
real engine there will always be two or a multiple of two strokes m each cycle of 
the mechanism The work done m pushing back the atmosphere on the expansion 
stroke is regamed when the atmosphere pushes agamst the piston on the return 
stroke 

* See Art 3-66 
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ward to J5 * After closing the valve let the fluid expand to a lower 
pressure p 2 while pushing the piston to position C (Heat can be 
transferred if desired ) As a final step, the valve at D is opened and 
the fluid pushed out of the system During these processes assume 




that the piston is connected to an external mechanism so that work is 
reversibly transferred to the surroundings The pressure-volume 
sequence during these reversible operations is illustrated in Fig 4-10 



V=ifj y V-U2 


Fig 4-10 The pV diagram 
for the system of P’lg 4-9 


For steady-flow operation a battery of 
cylinders can be connected by common 
intake and exhaust pipes, flow into and out 
of the system will then be at a constant 
rate The work done by this system for 
each unit of mass flow will be 



But from Fig 4-10 (with each area evaluated as a positive quantity) 


Pii^i + pdv = P 2 V 2 + vdp 

Jvi Jpo 


* This operation enables the available part of flow energy to be obtained as 
work 
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Transposing, 


and 


vdp = pdv — piVi + piVi 



W = 

rev — 



The work of the steady-flow process is the sum of the work done in 
the many cylinders of the entire system In each individual case, the 
same amount of work will be realized Summation of the work for all 
the cylinders yields 


IFrev = 

flow 



(4-2) 


where m = mass of fluid entering (or leaving) the system 

If potential and kinetic energies are present, mechanisms must be 
invented to obtain w^ork from these effects before the fluid enters the 
cylinder of Fig 4-9 (or after the fluid enters some other system than 
the simple system of Fig 4-9) The limit to the transformation of 
energy into work is per unit mass of fluid flow; 


IFrev = — P' vdp — AKE — APE (4-3o) 

flow 


This can also be written to show more clearly the forms of energy that 
were converted into woik 


TFrev = 

flow 



AFE - AKE - APE 


(4-36) 


Inspection of Eq (4-36) shows that the work of the flow process is 
obtained from four types of energy expansion or compression energy^ 
flow energy, kinetic energy, and potential energy Now recall that, for 
the nonflow process, 

IFrev = f pdv (4-1) 

nnnflow ^ 

Comparison of Eq (4-1) and (4-36) shows that the flow process merely 
supplements the expansion energy of the fluid with the forms of energy 
that accompany flow 

4-7. Heat Capacities. The concept of reversibility allows the 
First Law to be expanded to show that the effect of a reversible trans- 
fer of heat IS indicated by the internal properties of the fluid that are 
common to both the flow and the nonflow processes Consider first 
a nonflow, constant-pressure process Here the heat required for a 
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change of state was found to be (Art 3-2c), 

Q = U2 -- u\ + W 

By restricting this process to be a reversible process the work is 

= j pdv = p{v 2 — Vi) 

and therefore 

Qr«v]p-.c = W 2 — + P2V2 ^ 

But the combination of properties, u + pv, is by definition the enthalpy 
h (Art 2-11) Thus, enthalpy is not a property that is restricted only 
to flow systems: 

Qrevjp— C — /fc2 “ (4*4) 

Equation (4-4) can also be derived for the constant-pressure and 
reversible flow process Equation (3-12) shows that 

Q — TF = Aw AFE -|- AKE “h APE 
and, upon substituting Eq (4-3&), 

W,.v = j pdv - AFE - AKE - APE 
it Will be found that 

Qrev = Au + j pdv 

and therefore, as in the nonflow process,* 

Qr„]p-c = Ah (4-4) 

Thus, the heat transferred to a reversible flow process is exactly equal 
in amount to the heat transferred in the similar reversible nonflow 
process The effect of the transfer of heat is reflected by a change in 
the internal properties of pressure, volume, and internal energy but not 
in the external properties of velocity and elevation This result could 
have been anticipated, for, as discussed in Art 2-5, the properties of 
the quiescent fluid are entirely independent of the properties of 
velocity and elevation Since the process is reversible, none of these 

^ Note that, by the First Law, the heat transferred to a flow system where work 
and changes in kmetic or potential energy are zero is 

Qrenr or 1 W— 0 “ 

irrev IaKE— 0 

Jape-0 

But here, if the pressure is constant, the process must also be reversible 
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external forms of energy are dissipated in friction, and thus all thermal 
effects are derived solely from transfer of heat 

For any reversible process that does not involve a change of phase, 
a heat capacity, also called specific heat, can be defined by 

Qrev — m r* cM (4-5) 

Jti 

where m = mass of system 

Cx = heat capacity of the fluid for process x 
ii — ti = change in temperature for the process 
The terms heat capacity and specific heat are unfortunate names because 
the quantity Cx will be shown to be a property that can be changed by 
other means than transfer of heat Consider the constant-pressure 
process Here Eq (4-4) shows that 



^r®v J p— c — m J" dh 

and, also by Eq 

(4-5), 


QrevJp-aC ni ^ Cpdt 

Therefore, 

dh = Cpdt 


_ 

\dt)^ \dt)^ 


In Eq (4-6), Cp is a function only of properties, then, Cp is a property 
that is independent of the external effects of the system, heat and work 
For this reason, Eq (4-G) can be used to determine, for example, a 
change in enthalpy for an irreversible process or for any process that 
begins and ends at the same pressure However, m such cases, the 
change m enthalpy is not equal to the heat transferred, and the value 
of Cp must have been previously determined from measurements made 
under the stipulated restrictions of constant pressure (It should be 
recalled that, since the value of a property is determined by the state, 
the change in value of a property between two states is independent of 
the process ) 

Of the infinite number of heat capacities that could be evaluated, 
only those for the processes at constant pressure and constant volume 
are of major importance The heat capacity at constant volume shows 
that 
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and it equals 

- (w). - (Iz). 

The amount of heat added to a constant-pressure process must be 
greater than that necessary to cause the same rise in temperature for a 
constant-volume process because the fluid expands and work can be 
done Then, Cp must always be larger than Cv 

Although the heat capacity is a function of both temperature and 
pressure, the effect of pressure can, in many cases, be ignored For 
example, in Fig lA (Appendix), values for Cp and c*, for air are shown 
along with the ratio ky defined as 

k = ^ (4-8) 

Cv 

For temperatures above 400 F the effect of pressure on c^ is almost 
imperceptible (at least for air) It then follows immediately from 
Eq (4-7) that the internal energy of air is primarily a function of the 
temperatuie This conclusion is true for all temperatuies above 0 F 
if the pressure is not high — a fact first noted by Joule (Art 3-2/) 
The effect of pressure on the heat capacities of gases other than air is 
illustrated in Fig IB (Appendix) 


Table 4-1 — Heat Capacities of Gases at Low Pressures* 
(Temperature in F, heat capacity m Btu lb;;^F”0 
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are in common use, the scale used to construct the equation must be 
known. 

Example 2 : Determine the average heat capacity at constant pressure for air 
between temperatures of 100 and 500 F (Pressure is 26 psia ) 

Solution: From Table 4-1 

fp = 0 239 + 0 00003< 

From Eq (4-9), 



ttta / (0 239 + 0 000030d< 

400 yioo° 

1 r 1500® 

= 4^[(0 239<+0 000015 <»)|^ 

= 0 248 Btu/lb„ F Ans 

A visual estimation of the average value of Cp m Fig I A (Appendix) for this 
range is 0 245 The discrepancy lies in the failure of the simple equation of 
Table 4-1 to correlate the more precise data of Fig I A (Note ranges of Table 4-1 ) 
4-8 The Irreversible Process^ and the jpdv For a reversible process of a 
closed system the {pdv is work For an irreversible process what significance is 



Fig 4-11 Reversible and irreversible adiabatic expansion processes on pv diagram 

there to this mtegral? This question can be answered by studying a reversible 
and an irreversible process that pass through the same series of states Consider 
the familiar system of fluid confined in a cylinder by a piston, Fig 4-1 or 4-2, for 
example Assume that the fluid expands reversibly and adiabatically from state 1 
to state 2 as illustrated m Fig 4-11 Now suppose that an irreversible (but 
adiabatic) process is to start from state 1 The irreversibility could be friction 
between piston and cylinder , or the system of Fig 4^2 could be operated m a senes 
of fast expansions, stopping the piston after each short expansion to allow the 
pressure to equalize between the two chambers By such means (however 
impractical) an irreversible path could be determmed or approximated For the 
irreversible process at any state of the e\pansion less energy will be removed as 
work, consequently, more energy will remain in the system than in the reversible 
case, and the pressure will be higher From this reasoning the path 1-3 for the 
irreversible process must he above the path for the reversible process 1-2 

The same path 1-3 can be reversibly traveled if heat la added while the expan- 
sion 18 under way, provided, of course, no irreversibilities are present For the 

^ This article is not a prerequisite for material that is to follow m other chapters 
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reversible process the First Law shows that 

Q — Wtmr 

pdv « TFrer « -AC/i-j + Q 


while, for the irreversible adiabatic process, 


or 


Q — ITirrev * AU ui and 


T^iirev — At/ 1-8 


Q -0 


Substituting Eq (6) in Eq (a), 



— lEirrev l-» 4* Q rev 1- 

adiabetio 


(a) 


(b) 


(c) 


But no heat was added in the irreversible process, and Eq (c) can better be written 



TF.r 


+ Fi. 


(4-10) ♦ 


Comparison of Eqs (4-10) and (c) shows that the term F la entirely equivalent 
to a transfer of heat and represents dissipation of available energy m turbulence 
and friction This equivalence is not strange because the distinction between 
heat and work is a matter of definition If the process 1-3 is reversibly conducted, 
the fpdv is work or energy removed from the system, although at the same time 
energy must be added (and this energy is called heat) The system, however, is 
conscious only of the difference m value of the net energy (and is not conscious 
of man-made distinctions between heat and work). In the irreversible case, less 
energy was removed as work but no energy was added as heat, and the energy 
within the system at any stage of the expansion was exactly the same m amount 
as during the reversible process The irreversible adiabatic process and the 
reversible (but not adiabatic) process followed the same path on a diagram of 
properties although the transfers of heat and work were quite different 

In many instances, comparison is made between an irreversible and a reversible 
process even though the state points of the process are not the same For example, 
in Fig 4-11 the reversible path 1-2 is the ideal path that the real expansion process 
1-3 attempts (but never is able) to follow Therefore, the maximum amount of 
work for either of the adiabatic expansion processes cannot exceed the reversible 

work for path 1-2 For this reason the pdv for the reversible adiabatic path 
can be used as the criterion of excellence for the real adiabatic process and 



ITirrevi-a -h loss of available energy 


Note, however, that the above amount of work (ITrev i-J does not equal the 
friction F plus the irreversible work (tFin-ev i-a) because F is not a complete loss of 


* For the inverse compression process note that the sign of Spdv and W wdl 
be mmus ( — ) but F will remain positive (-|-) because, for either direction of the 
process, F is available energy dissipated within the system as a thermal effect 
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available energy The effect of friction is equivalent to a transfer of heat that 

would enable the proems to do an additional amount of work This apparent 

[Z [2 

gam (of amount pdv — / pdv) is secured only by dissipatmg a much greater 

quantity of available energy (of amount equal to F) , and, of course, it is entirely 
probable that no work at all will be done by the irreversible expansion process 
By similar arguments, the work of the irreversible flow process is obtamed by 
supenmposmg the supplementary forms of energy that accompany flow 

TTurev + F ^ jpdv - aFE - ARE - APE (4- 11a) 

and 

WirTBv + F « -Jvdp - ARE - APE (4-116) 

Example 8 : Textbooks on fluid flow have equations like 

fvdp -f ARE » TF - 2F (a) 

and, when no work is mvolved, 


—vdp = — dz -\ h dF (6) 

9c 9c 

where F is defined as friction or vaguely as the term necessary to balance the 
equation when irreversible flow occurs Discuss 

Solution: Equations (a) and (6) may be rearranged and compared with Eq 


(4-116) 

Eq 

(4-116) 

-Jvdp - ARE = W -\-F 

Eq 

(a) 

-fvdp - ARE = -Tf + SF 

Eq 

(b) 

--vdp - d(RE) - d(PE) = dF 


Comparison shows that the F term corresponds to the dissipation of available 
energy mto a heatmg effect Note that the signs of W in Eq (4-116) and Eq (a) 
differ When this difference is encountered, it will be found that +W is defined 
as work done on the system, whereas in this text the opposite convention is used 
Equations (4-11) illustrate the limit of the ability of thermodynamics to 
explam flow friction If additional information is required on the factors mflu- 
encing friction, other means must be adopted such as dimensional analysis (Art 
1 - 11 ) 

Problems 

1 . A cycle consists of three reversible processes, process A, W = 7 Btu, 
Q - 5 Btu, process B, W - 0, Q =» — 4 Btu, process C, W « — 6 Btu, Q = 0 Btu 
Compute the work and thermal efficiency of the cycle 

2 . List, to the best of your knowledge, and explam all the possible irreversi- 
bilities that may be present m a system 

8 . Divide the irreversibihties hsted m Prob 2 mto mternal and external 
effects 

4 . An air compressor has a cooling-water jacket, and a 100° differential in 
temperature exists between the air in the cy Under and the coolmg water If the 
system is the air enclosed m the compressor, can the compression process be con- 
sidered to be a reversible process? Explam 
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6 . For a reversible process the increase m total energy is 6 Btu while heat 
of amount 10 Btu is abstracted Compute the work and explam the algebraic 
sign 

6 . An irreversible process that passes through the same series of states as the 
reversible process of Prob 6 has 12 Btu of heat transferred to the surroundmgs 
Compute the work that can be transferred 

7 . A reversible process of a closed system is observed to maintain a relation- 
ship ptf — C (conat&nt) between pressure and specihe volume daring the process 
Derive a formula for the work done 

8 . Derive a general formula for the work of reversible processes of closed 
systems if the pressure-specific-volume relationship is pv" = C where n and C 
are constants 

9. Repeat Prob 7, but this time assume an open system and steady flow 

10 . Repeat Prob 8, but this time assume an open system and steady flow 

11 A pound mass of air (at a low pressure) is reversibly heated at constant 
volume from 32 to 300 F How much heat must be transferred? Find the 
average value of the heat capacity 

12 A pound mass of carbon dioxide (at a low pressure) is reversibly heated at 
constant volume from 100 to 1000 F Fmd the heat transferred and mean heat 
capacity 

13 . Repeat Prob 12, but assume that the fluid is water vapor (steam) 

14 . In Probs 11, 12, and 13 each fluid is contained in an iron tank that weighs 
20 Ibm How much heat must be added to the system of tank and fluid? (Heat 
capacity of the material of the tank can be found in Table III, Appendix ) 

16 A pound mass of air at a temperature of 100 F is heated to 500 F at con- 
stant volume by an irreversible process that involves heat and work Find the 
mternal energy at both states if the datum of zero internal energy is at 0 F and 
the effect of pressure can be ignored 

16 . Repeat Prob 11 with the process at constant pressure 

17 . Repeat Prob 12 with the process at constant pressure 

18 . For the data and conditions of Prob 15, fmd the enthalpy at both states 
if the datum of zero enthalpy is at 0 P" Is the change in enthalpv between the 
two states equal to the heat added? 

19 . For the conditions of Prob 15, assume that the tank is converted to a 
cylmder and piston and that the pressure remains constant durmg a reversible 
process Compute the change in enthalpy Is this value equal to the heat added? 

20 Find the enthalpy of air at several temperatures from 0 to 1000 F, and 
plot with h as the ordinate and temperature as the abscissa Construct a curve 
passing through these points and show tangents to the curve at several points 
Discuss meamng and values for the change m slope (Assume that enthalpy of 
air 18 unaffected by pressure ) 

21 . Show that, if the effect of pressure is negligibly small on the heat capacity 
at constant volume, an isothermal process is a process at constant internal energy, 

22 . In a reversible, steady-flow process, the specific volume of the fluid remains 
constant although changes m pressure, enthalpy, mtemal energy, kinetic energy, 
and potential energy occur Show that Eq (4-5) is vahd for this process 

23 . Water under a pressure of 100 psia enters a 2-m pipe at a mass rate of 
10 Ibm sec”^ Thfi exit from this system is a 1-in pipe at an elevation of 30 ft 
above the mlet, and the water leaves with pressure of 50 paia If no work is 
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done by this system, determme the friction in foot pounds force per pound mass 
of water (Assume water to be incompressible, with density of 62 3 lb,„ ft~* ) 

24 . Determine the mdicated work m foot pounds force for a reciprocating- 
piston engine that has a bore (cyhnder diameter) of 3 m and a (piston) stroke of 
4 in (these data are usually abbreviated 3" X 4'') if the area of the indicator 
diagram is 1 38 in * The reducing motion that drives the drum of the indicator 
has a ratio of 2 to 1 and the spring scale is 100 psi in 

25 Repeat Prob 8, but assume that the engine dimensions are 4 bj 5 in 

Symbols 

A area 

r heat capacity 

C constant 

E total energy 

F friction, turbuhmic dissipation of work or available energy 

FE flow energy 

g local acceleration of gravitv 

Qr dimensional constant 

h enthalpy per unit imish ( d\v}i\s m thermal units) (specific) 

k ratio of Cp to Cl 

KE kinetic energy 

L length 

m mass, also, mass rate of flow 

n a constant 

PE potential energy 

p pressure 

Q heat 

t temperature, anv upioducible scale 

I internal energy (always in thermal units) 

u internal energy per unit mass (always in thermal units) (specific) 

V volume, also, velocity 

V specific volume 


w 

work 



a < b 

a less than b 



a > b 

a greater than b 





Subscripts 

avg 

average 

V 

pressure constant 

/ 

force 

rev 

reversible 

irrev 

irreversible 

V 

volume constant 

m 

mass 

X 

any process 



0 

atmospheric 
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CLASS ASSIGNMENTS 
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CHAPTER V 

THE SECOND LAW 

It IS impossible to construct an engine which will woik m a complete 
cycle and produce no other effect except the raising of a weight and the 
cooling of a heat reservoir ^ 

5-1. Limitations of the First Law. The First Law is a statement 
of the equivalence of all forms of energy According to this law, 
whenever energy in one form disappears, an equal quantity in another 
guise must appear, and, therefore, the result of any change can be 
reveaJed by examining aJ] the forms of energy involved m the change 
The First Law makes no attempt to designate a system or process that 
can best be used to effect a change Whether a system or a process is 
perfect need not he considered Foi real or for ideal systems the First 
Law IS a rigid bookkeeper to ensure that energy is neither created nor 
destroyed but only changed in form 

One of the primary interests of the engineer is the complete conver- 
sion of heat into mechanical work Nothing in the First Law implies 
that any difficulty will be encountered in making this conversion, 
especially since the inverse operation of completely converting work 
into heat is readily accomplished A process can be devised to produce 
work of amount equal to the heat added, but all efforts to form a cycle 
that will continuously and completely convert heat into work are marked 
by failure This failure is all the more striking in that the best systems 
yet devised fail by far to approach 100 per cent thermal efficiency 
Values of 40 per cent are rare indeed, while thermal efficiencies of 5 and 
10 per cent are usual Since much of man’s effort is directed toward 
the production of w^ork fiom heat, clearly it is to his interest to investi- 
gate thoroughly the limitations that may be present in this conversion 
5-2. The Second Law. The Second Law denies the possibility of 
ever completely converting into work all the heat supplied to a system 
operating on a cycle no matter how perlectly designed or skillfully 
made a machine may be Planck’s statement of the Second Law is 

* Planck, Max “Treatise on Thermodynamics/’ p. 86, Longmans, Green & 
Co , Inc , New York, 1903 
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entirely adequate for engineering thermodynamics, which deals, most 
generally, with the production of work from other forms of energy. 

It is impossible to construct an engine which will work in a com- 
plete cycle and produce no other effect except the raising of a 
weight and the cooling of a heat reservoir, ^ 

In other words, any system operating on a cycle and receivmg heat 
while doing work must also have a heat-rejection process as part of the 
cycle 

“ The Second Law is not restricted to interchanges of heat and work, 
but it is rather a broad philosophy on the behavior of energy and 
energy transformations Many statements of the Second Law have 
been proposed ; one of the most famous is that of Clausius ® 

Heat cannot, of itself, pass from a colder to a hotter system. 

Here, the obvious is recognized Heat cannot flow ‘*uphiir^, that is, 
the potential gradient of temperature must be in the direction of the 
flow of heat The thought of Clausius can be expanded to include not 
only temperature but all intensive properties (potentials) 

Energy cannot, of itself, pass from a lower to a higher potential. 3 

When it IS realized that the ability of a system to do work is measured 
by its intensive properties (of temperature and pressure, for example), 
the mability of the system (unaided by any external agency) to increase 
its potentials appears reasonable if not self-evident 

A necessary corollary of the above statements is the inevitable 
degradation of available energy of the surroundings that must occur with 
all real processes because a potential difference is a necessary condition 
for the transfer of energy If in a cycle of processes the intensive fac- 
tors of the system cannot increase (without aid) but can decrease 
(without aid), then the available energy of the surroundings (which 
furnish the aid) must be constantly decreasing (although the energy 
of the surroundings remains constant) In other words, the amount 

* In earlier articles it has been emphasized that only energy, and not heat, can 
be stored m a system because heat, by definition, is energy m transit across a 
system boundary under the dnving potential of a temperature difference But 
when a system serves as a heat source, it is quite convenient to use the name heat 
reservmr if only to indicate the nature of the energy transfer A heat reservoir^ 
then, IS the name given to a system that serves as the source for the energy trans- 
ferred as heat For isothermal transfer of heat, the reservoir must be infinitely 
large if the temperature is to remain constant while heat is transferred. 

* Rudolf Clausius (1821-1888) 
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of energy in the surroundings that can be converted into work by a 
system must be constantly decreasing because all real processes are 
irreversible 

The First and Second Laws cannot be proven true; their validity 
rests upon the fact that all attempts to disprove them have failed. 
In the following articles will be presented the logic and concepts under- 
lying the Second Law. 

6-3. The Carnot Cycle. The foundations for the Second Law were 
laid in 1824 by Sadi Carnot, a young Frenchman, who published an 
essay entitled ‘‘Reflections on the Motive Power of Heat ” Carnot 
pointed out the fact thatj whenever a difference of temperature exists, a 
system can be devised to produce work, and the greater the fall in tern- 
perature experienced by the system, the greater will be the amount of work 
done Carnot reasoned that temperature alone must be the factor responsi- 
ble for the ability of heat to do work, and that other properties such as 
pressure, or any special qualities of the working fluid, were not signiflcanL 
To illustrate his premise, Carnot invented a cycle that would take in 
heat at constant temperature, do work, and reject heat at another 
constant temperature. Figure 5-1 illustrates a Carnot reversible 
engine cycle that consists of four processes 

ab. Adiabatic compression to the higher temperature Ia 

be Isothermal addition of heat (expansion) at the higher tempera- 
ture Ia followed by 

cd Adiabatic expansion to the lower temperature Ir 

da Isothermal rejection of heat (compression) at the lower tem- 
perature Ir 

In Fig 5-1 the working fluid is adiabatically compressed (ah) from the 
lower to the higher temperature Heat is then added while the fluid 
isothermally expands (5c) At some portion of the stroke the transfer 
of heat is discontinued and the gas adiabatically expands (cd) to the 
lower temperature During both of these expansion processes work is 
done by the system. The cycle is completed by isothermally com- 
pressing the gas (da) and so rejecting heat to another reservoir (called 
the sink). Both compression processes (da) and (ah) require work to 
be done on the system. The net effect of the cycle is that heat is added 
at one constant temperature and rejected at another constant tem- 
perature, with the algebraic sum of these heat quantities being equal 
to the work done by the cycle 

Carnot checked each process of his cycle for reversibility to ensure 
that imperfections were absent When operating on the reversed 
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cycle the system became a heat pump with heat added at the lower 
temperature and rejected at the higher temperature. Necessanly, 
work is transferred to the system. The cycle of the heat pump consists 
— of the same reversible processes as for the 

i “*77- — k u ^ engine but executed in the inverse 

_L — T! d 1 recti on : 


ad-AdiabaUc comprcsnon from tgio^ 



Ac-hofhermai expansion ^ 



Cd -Adiabatic expansion from to 


dc Adiabatic compression from the lower 
temperature to the highei tempera- 
ture followed by 

ch Isothermal compression Avith con- 
sequent rejection of heat to a high- 
temperature reservoir 
ha Adiabatic expansion from the higher 
to the lower temperature followed by 
ad Isothermal expansion with addition 
of heat from a low-temperature 
source 



da Isothermal compression at tj^ 


After devising a cycle and the concept of 
reversibility, Carnot was now in a position to 
demonstrate that neither the working fluid 
nor any factor other than temperature could 
affect the thermal efficiency of his ideal 
engine To prove this, he set up the system 
illustrated in Fig 5-2a A Carnot engine 
abstracts heat from a source at Ia and rejects 
heat to a sink at Ir while driving a reversed 
Carnot engine (heat pump) The heat pump 
receives heat from the low-temperature sink 
and transfers heat to the high-temperature 
reservoir The net effect of this system must 
be zero because the work output of the heat 
engine exactly equals the work input to the 
heat pump Now let it be supposed that 
some factor other than temperature could make the Carnot cycle 
more efficient, for example, a different gas used as the workmg 
fluid Let this more efficient fluid be used only in the heat engine, 
more work will be delivered by the heat engine than is required to 
drive the heat pump (Fig 5-2h) A high-temperature reservoir is not 
necessary because the heat rejected by the heat pump exactly equals 
the heat input to the engine, and therefore the net effect of the system 



Fig 5-1 The Carnot cycle 
of processes (as conducted 
with nonaow processes) 
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will be to produce work while obtaining heat from a low-temperature 
reservoir This result is so contrary to experience that the premise 
that a change m working fluid can affect the efficiency of a Carnot 
cycle must be false 



'r , W + W 

arnol cmciim (a)J ^ ^ if arnot engine {b)J “ Tf — 

Vi 

I'lCr 5-2 Carnot engine and heat pump 


By pursuing the same line of thought, the following deductions can 
be made 


For definite temperatures of source and sink : No engine can be 
more efficient than a reversible engine. All reversible engines 
have the same efficiency. The efficiency of a reversible engine is 
independent of the working fluid. (This is the case shown m 
Fig 5-2 ) A system not receivmg work cannot convey heat from 
the cold to the hot reservoir. (Clausius. Heat cannot, of itself, 
pass from a colder to a hotter body ) 

Yet, no conclusions can be made of the comparative efficiencies of 
Carnot engines operating between different thermal levels For exam- 
ple, the Carnot engine operating between 1000° and 900° cannot be 
compared with a similar engine operating between 800° and 700° because 
these thermal levels, in Carnot's day, were arbitrarily established 
Such comparison must wait until a thermodynamic temperature scale 
IS defined 

Note that, since the work output of the Carnot engine depends on 
the temperature of source and sink, the pressure exerted by the working 
fluid IS only incidental to the production of work In engineering, one 
goal is to use the widest possible range of temperatures between source 
and sink to obtain high thermal efficiency , another goal is to use pres- 
sures sufficiently low to obtain safety and ease of design, but sufficiently 
high to obtain reasonable size and cost 

6-4. The Thermodynamic Temperature Scale. At the time of 
Carnot the temperature scales in existence were arbitrary scales that 
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related the hotness, or thermal level, of a body to some particular 
property of the thermometer Such thermometers served only as 
arbitrary indicators of the relative thermal state and, although repro- 
ducible, did not define a universal property of temperature (or a funda- 
mental dimension). 

In 1848, Lord Kelvin realized that the logic of Carnot opened the 
way for the definition of a thermodynamic scale of temperature that 
would be independent of the properties of any particular material 
The efficiency of the Carnot cycle depended only upon the tempera- 
tures of source and sink and increased as the sink temperature was 
reduced (or as the source temperature was raised) This concept in 
itself defined a condition of absolute zero as the lowest possible sink 
t^emperature for an engine because no energy would be rejected and all 
of the energy entering the engine would be converted into work To 
develop a temperature scale consider a reversible Carnot engine and 
let Ia be the thermal level of the source and Ir that of the sink. The 
Carnot premise was 

T?t = /(^a/k) 

But the efficiency of the cycle also is defined by 


= ^ 
Qa 


Qa + Qr 
Qa 


fifAtn) 


This can be written (note that Qr is a negative quantity) 

= 1 + ™ K^Atn) 

Va 

and therefore 

I; = f'itAta) (a) 

In Camot^s time, (a and were arbitrary numbers related to some 
property of the thermometer Although a function could undoubtedly 
be found to relate these arbitrary temperatures to thermal efficiency, 
Kelvin suggested that Eq (a) be used to define a new absolute thermo- 
dynamic temperature scale (which would be independent of the prop- 
erties of the thermometer). He proposed that 


— Qr _ 

Qa “ Ta 

and therefore the efficiency of the Carnot cycle would be 

Qa ’h Qr _ Ta — Tr ^ ^ Tr 
Qa “ Ta Ta 


(5-la) 


T7f(GuTiot) 


(5-16) 
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where Ta and Tr would be absolute thermodynamic temperatures 
Existing scales could be calibrated in terms of this new absolute scale 
For example, the centigrade scale has two fixed ^ points the tee pointy 
arbitrarily called 0 C; and the steam pointy arbitrarily called 100 C 
To determine the absolute thermodynamic temperatures of these fixed 
and reproducible states in terms of the centigrade degree, a Carnot 
engine could be used. Assume that a laboratory model engine with 
air used as the working fluid could approximate the cycle of a Carnot 
engine Let 10 Btu of heat be isothermally added at a temperature 
level of 100 C, as measured with a mercury thermometer, and the 
amount of heat rejected be measured at a receiver temperature of 0 C, 
again as measured by a mercury thermometer Let it be supposed that 
this rather impractical experiment was carefully performed, and by 
measurement 7 32 Btu of heat was found to be rejected Then, since 
on the absolute scale there exists a point of absolute zero lying an 
unknown distance z below the arbitrary 0 C, by Eq (5-la), 

n _ — Qr 

2 + 0° _ 7 32 
2 + 100 ° “ 10 
2 = 273° 

More practical methods show this figure to be 273 160 + 0 010° The 
absolute thermodynamic temperatures of the ice and steam points are 
(to the best of present knowledge), 

Ice point = 273 16° 

Steam point = 373 16° 

The intermediate points between the ice and steam points have also 
been determined, as well as other fixed and reproducible states Thus 
the temperatures of what was a purely arbitrary scale, the centigrade 
scale, have been converted to thermodynamic temperatures 

Although the terms absolute and thermodynamic many times are 
used synonymously, a more precise meaning can now be assigned 
An absolute temperature is also a thermodynamic temperature and is 
defined by Eq (5-1) A thermodynamic temperature differs from 
an absolute temperature only by an additive constant The centi- 
grade and Fahrenheit scales of today are thermodynamic scales (but 
not absolute scales) calibrated to be independent of the materials used 
in constructing the thermometers 


* Refer to Art 1-10 
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In honor of Kelvin, the absolute thennod 3 aiamic scale, with degrees 
equal to those of the thermodynamic centigrade scale, bears his name 
and 

°K = °C + 273 16° (5-2) 

In succeeding pages, degrees Kelvin will be designated only by the 
letter K and degrees centigrade by the letter C, as for example 

100 C = 373 16 K 

The symbol for absolute temperature will be T, while the lower case 
letter t will now refer to any thermodynamic temperature 



Absolute 

zero 

Flu 5-3 A linear absolute temperature scale 


In a Similar manner the absolute scale with degrees equal to those 
on the Fahrenheit scale is called Rankine^ and 


°R = °F + 459 69° (5-3) 

An infinite number of absolute scales could have been devised 
For example, if 100 units of heat enter a Carnot cycle at a certain 
thermal level (say, the melting point of sulphur), then this level could 
be designated to be 100 degrees absolute on a new absolute thermo- 
dynamic scale A degree is specified to be that temperature difference 
between source and sink that will allow 1 unit of work to be delivered 
by the Carnot engine. [This statement is true for all absolute scales 
defined by Eq (5-1) ] When the sink temperature becomes absolute 
zero, all the entering energy will be converted into work Figure 5-3 
illustrates this relationship for the hypothetical temperature scale as 
well as for the Rankine and the Kelvin scales 

Even so, the effectiveness of each degree drop in temperature 
becomes greater as the temperature is decreased In Fig 5-3 the 
» William Rankme (1820-1872) 
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thermal eflSciency of the engine operating between 100° and 99° absolute 

IS 


^ 2TF _ 1 
~ Qa ~ 100 


while the engine operating between 99° and 98° has the higher thermal 
efficiency of 

ST7 1 
Qa 99 


Example 1 • A Carnot engine operates between a source at 1000 R and a sink at 
500 R Compare the thermal efficiencies obtained by (a) raising the source 
temperature by 100 R, (6) lowermg the smk temperature by 100 R 
Solution 


Efficiency of original engine rjt 



500 

1000 


50 per cent 


Efficienr> of 1100 R source, 500 R sink =« 1 — « 54 6 per cent 

Efficiency of 1000 R source, 400 R sink = 1 — = 60 per cent 


Hence, lowering the smk temperature is more effective than raising by an equiva- 
lent amount the source temperature This was first noted by Carnot 

Example 2 • The gases in a furnace are at a temperature of 2500 R and pass over 
a boiler containing water at 1000 R which is to be converted into steam while the 
temperature and pressure remain constant Show that the irreversible tempera- 
ture drop of 1500 R will cause a loss in availability The sink temperature will 
be that of the atmosphere, 500 R 

Solution , a If a Carnot engine received heat at 2500 R, 

= 1 - = 1 - 2 ^ "" ^ ^ 


\ssinne 1000 Btu of heat for Qa, then, 

Wr.v = vtQA == 0 8(1000J = 800 Btu 

b If the ('ariiot engine received the same amount of heat (1000 Btu) at a 
temperature of 1000 R, 

„ = 1 - ^ = 1 - ^ = 0 50, or 50 per cent 

and 

TFrev = 0 50(1000) = 500 Btu 

c The difference m work output between the two cycles because of the differ- 
ence in temperature of the heat added is 

800 - 500 = 300 Btu 

Although both cycles receive the same amount of heat, one engme can produce 
800 Btu of work (and reject 200 Btu to the sink) while the engme receivmg heat 
at a lower temperature can do only 600 Btu of work (while rejecting 500 Btu to 
the sink). 
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The gloomy picture in Example 2 of the effect of a temperature 
difference can be lightened by viewing the practical necessity for the 
irreversibility The temperature difference causes an increased rate of 
heat transfer that allows a much smaller boiler to be used and thereby 
effects a saving in the initial cost Since no material is known that 
can be subjected to temperatures above 1500 F for long periods of time, 
the temperature difference becomes an absolute necessity Also, to 
transfer heat at the highest possible temperature requires an infinite 
reservoir of heat, while in a furnace the hot gases will decrease in tem- 
perature in proportion to the amount of heat transferred With the 
above comments in mind the engineer must effect an economical 
balance between the factor of thermal efficiency, w^hich demands the 
highest possible temperature for additions of heat, and the practical 
factors, which demand the irreversibilities for ease of operation 

Example 8: An inventor claims that a new heat-engine cycle will develop 50 hp 
for a heat-addition rate of 30 Btu min"^ The highest temperature m the cycle 
18 3000 R while the lowest is 1000 It Are his claims possible? 

Solution : A Caniot cycle for the same temperature range would have a thermal 
efficiency of 

- = 0 66, or 66| per cent 


The inventor claims that 




XW _ 50 hp (33,000 ft Ib//hp mm) 
Qa “ (778 ft lb//Btu)(30 Btu/min) 


= 0 707 = 70 7 per cent 


The mventor^B claims must therefore be false The discrepancy is even greater 
than the figures reveal because all actual engines will have irreversibilities that 
will prevent close approach to the thermal efficiency of the Carnot Any claims 
to thermal efficiencies of over 40 per cent should be viewed with caution 

Ijord Kelvin had ongmally proposed an absolute scale defined as follows 

-Qr _ In-^ Tr 
Qa “ In-^ Ta 

Equatmg this definition to the linear relationship (so called) gives 

Tr Tr 
In-^ Ta> “ Ta 
Ta' - Tr> = In 7'a - hi Tr 

For the mterval Ta 1, Tij “ 0, 

Ta' — Tr' « « 

For the interval Ta ^ (an abstract possibihty), Tr 1, 


Ta' - Tr' ^ ^ 
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This scale emphasizes the remoteness not only of infinite temperatures but also 
of absolute zero It is believed that absolute zero has been experimentally 
approached to within 0 001° At the other extreme, a few thousand degrees 
represent the highest temperature reached by man although temperatures many 
times this are believed to be reached on the stars The logarithmic scale illustrates 
well that 0 001° above absolute zero is as far from the lower hmit as several thou- 
sand degrees is from an upper limit 

Today, after much experimentation, a thermodynamic scale Imking known 
reproducible states has been evolved The chief standardization laboratories of 
the world have agreed upon an international scale that the thermodynamic scale 
approximates (to the best of laboratory technique) It is based upon the centi- 
grade temperatures shown in Table 5-1 

Table 5-1 — The International Temperatures op Certain Reproducible 

States* 


Primary Standards 

C^entigrade 

Boiling point of oxygen 

-182 97 1 

Ice point (by definition) 

0 000 

Steam point (by definition) 

100 000 

Boiling point of sulphur 

444 60 

Freezing point of silver 

960 5 

Freezing point of gold 

1063 

Secondar}'^ Stindards 


Freezing point of mercury 

-38 87 

Freezmg point of tin 

231 85 

Freezing point of lead 

327 3 

Freezing point of zme 

419 4 

Freezing point of aluminum 

660 1 

Melting point of platinum 

1773 

Melting point of tungsten 

3400 


• Buuqess, G K Ihe International leinperature Scale, Hur Standards J Research, 1, 635 
(1928) 

t The last decimal point gi\ en for each of the above values is siKiiificant only as regards repro- 
dueibiUty of that fixed point, and the point la not necessarily known on the theriiiodynamio scale 
to the corresponding degree of accuracy 

For interpolation between these fixed pomts, international agreement has 
standardized various methods and indicators as being the best available at this 
date One of these means is the platinum resistance thermometer for measurmg 
temperatures between the ice point and 660 C The temperature is related to 
the resistance of platinum by the formula 

Rt = Roil - At - Bt^) 

The constants Ro, A, and B of this formula are determined by calibration at the 
ice, steam, and sulphur points 

6-6. Definition of Entropy, As a necessarily first consequence of 
the Carnot cycle, a relationship was found, 

Tr _ ^Qr 

Ta " Qa 
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that defined a thermodynamic temperature scale (The minus sign is 
inserted because Qr is a negative number ) Clausius noted that this 
relationship could be rearranged to show that 


-Qn 


Tr 


Qa 

Ta 


and 


Qa . Qr 
T 


Or, for the Carnot cycle, the cyclic change in the quantity Q/T is zero 
But whenever a cycle occurs and the system returns to its initial 
state, the net change in a property is zero Then, Q/T must be a 
property, at least for any system employing the Carnot cycle It can 
be proved (Art 5-3) that all reversible cycles operating between 
definite and isothermal source and sink temperatures must have the 
same thermal efficiency as a Carnot cycle operating between the same 
temperatures 

V,(r.v) - 1 1 

Thus, it would appear that Q/T is a property not only of the Carnot 
cycle but of any reversible cycle Also, it will be shown that, if heat 
18 added and rejected at variable instead of constant temperatures, 
such an arrangement can alwavs be replaced by an infinite number of 
Carnot cycles For each reversible piocess of the reversible cycle the 
change in Q/T can be calculated from 



(5-4) 


The property represented by the letter S is called entropy^ and Eq 
(5-4) IS the defining equation for entropy Whenever heat is added to 
the system, the entropy increases, t\hcn heat is reversibly taken away, 
the entropy decreases The units for entropy are 

AS = Btu/R 


and for unit mass (the usual units m this text) 

As = Btu/lbm R 

Equation (5-4) can be used to find the absolute entropy of a sub- 
stance at a particular state by calculations based on a reversible path 
from absolute zero (Art 11-16) Still, the uncertainty in the expen- 
mental data for the changes that occur in the substance at the lower 
temperatures makes it easier to follow the same procedure as was fol- 
lowed for internal and potential energy This, simply, is to define a 
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datum state of zero entropy (or zero internal energy or zero potential 
energy) and to calculate the entropy (or internal or potential energy) at 
any other state 

Why define a new property? And especially an abstract mathe- 
matical relationship that cannot be directly observed^ One simple 
answer to these questions is found in the singular fact that heat has 
only one measurable property, temperature It has already been 
noted that heat and work are alike by definition and, more important, 
m effect But work can be measured as a function of two properties 
Compression work (which is the particular form studied by the 
mechanical engineer) is measured by 

'W' rev “ f J)(Iv 

Donflow •' 


Equation (5-4) establishes two properties for the measurement of heat 
— an intensive or potential property, temperature, and an extensive 
property, entropy 

Qr,v = y TdS = mjTds (5-5) 

The utility for this property will be illustrated in the following sections 
6-6. Entropy and the Carnot Cycle. Consider a Carnot cycle with 
heat supplied at 1000 R and rejected at 500 R If 100 Btu of heat are 
supplied (per unit mass of fluid) to this system, what changes occur 
during each process? For these conditions 


then 

and 



500 

1000 


= 050 


W « TjtQA “ 50 Btu/lb„ 

Qb ^ -(Qa - W) ^ -50 Btu/Ib„ 


Process ah Reversible and adiabatic compression from Tb to Ta 

ASal. -= 0 (0-0) 

Process 5c Reversible addition of heat at constant temperature Ta 

” 0 1 Btu/lb„ R 


Process cd 

Process da 


Reversible and adiabatic expansion from Ta to Tb 
^cd = 0 (Q 0) 

Reversible rejection of heat at constant temperature Tr 
Qr -50 Btu 




Tb 

m 


-01^ 


500 " 


R 
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The total change of Q/T in this cycle of reversible changes is zero, as 
was to be expected 

Since entropy is a property, a datum can be arbitrarily selected 
For this problem the state at point a (as defined by the pressure, 

temperature, and volume) will be assigned 
^ ^ c a value of zero entropy, then. 


1000 


500’ 


a* 


\4 


A. 


rf' 


01 

Jig 6-4 Temperature en- 
tropy diagram for the Carnot 
cycle 


State 

Temperature, R 

Entropy 

a 

600 

0 


1000 

0 

c 1 

1000 

0 1 

d 

500 

0 1 


In Fig 5-4 these data are shown on a diagram of properties named the 
Ts diagram From Eq (5-5) it is apparent that areas on this diagram 
represent reversible transfers of heat (for unit mass of fluid) 


Qa = heat reversibly added = area a'bc(V 

Qr « heat reversibly rejected = area a‘add' 

Qa Qr ^ work done = area abui 

THROUGHOUT THIS TEXT ALL Ts DIAGRAMS ARE DRAWN 
FOR UNIT MASS OF FLUID 


The Carnot cycle has two reversible and adiabatic processes, for 
these processes entropy is constant 

An isentropic process is defined as a reversible and adiabatic 
process. 

The conclusion of this article is that Eq (5-4) satisfied the condi- 
tion of the Carnot cycle that 

5-7. Entropy and the Reversible Cycle. Equation (5-4) is not 
restricted to isothermal additions of heat A reversible cycle employ- 
ing a piston and cylinder will be constructed having additions of 
heat at constant volume and constant temperature, while rejection 
of heat will be at constant pressure If the additions and rejection of 
heat are to be reversible, an infinite number of heat reservoirs, each at 
a different temperature, will be theoretically required This annoying 
technicality can be avoided by noting that an irreversible temperature 
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difference between system and heat reservoir is an external irreversi- 
bility that can be ignored by locating the boundary in a manner such 
that the irreversibility is m the surroundings (Art 4-3) With this 
expedient an internally reversible cycle can be theoretically devised for 
any mode of heat transfer 

When heat is added at constant volume, the defining equation is (Art 4-7) 

C “ TTlCvdT 

When this expression is substituted in Eq (5-4), 

mcrdT 
do = — 7 ^ 

For simplicity, assume that Cv is constant (and therefore independent of both 
temperature and pressure), then, for unit mass, 

Sb — Sa = Cv / = Cv In (5-6) 

Similarly, for constant-pressure additions of heat, 

Tr 

Sc ”■ Sfl “ Cp In (5—7) 

a 

A state defined by values for pressure and 5-5 Ts diaRram for re- 
temperature can be selected and assigned a datum versiblc cycle 

value of zero entropy For air as the fluid the datum state will be arbitrarily 
defined by 

= 0 Ta = 520 R Pa = 14 7 psi 

This 18 state a on Fig 5-5 A path at constant volume can be constructed from 
point a to point b bv assigning small increments to in Eq (5-6), while the value 
for Cr 18 selected from Table VI (Appendix) Assuming that this is done to trace 
out the path, the entiopy at point b is found to be 

Sc - 0 = In Tt = 1040 R 

Si = 0 175 In 2 c„ = 0 175 Btu/Ib„ R 

Si = 0 1211 Btu/lb„ R 

and the heat transferred equals 

Qal^Tcv ~ Cv{_Tb 7 o) 

= 0 175(520) 

- 91 Btu/lb„ 

In a similar manner, a path at constant pressure can be traced by assigning 
small increments to Tc m Eq (5-7) The entropy at point c is 

Tr 

Sc 0 = Cp In 

■* (I 

Sc = 0 245 In 2 

= 0 1698 Btu/lb„ R 



Tc = 1040 R 
c, - 0 245 Btu/Ib„ R 
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and the heat transferred equals 

Qaclrcr Cp(rf ” Ta) 

-= 0 245(620) 

«= 127 2 Btu/lb,« 


The work done dunng a constant-pressure change is 


and, by Art 4-7, 


= — Q + Au 

Aw - Cv(Tc - Ta) « 91 Btu/lb« 


(from above) 


For the reversible process, 

-TFa.U 127 2 -h 91 

TFa.l rev - 36 2 Btu/lbn, 

Smce Cp 18 larger than c», then for the same temperature difference As is greater for 
the constant-pressure process than for the constant-volume process This means 
that the constant-volume path will he steeper than the constavi-pressure path on the 
Ts diagram 

To complete the reversible cycle an isothermal can be drawn connectmg points 
b and c The heat and work transferred for this process are equal because the 
mternal energy remains constant during this constant-temperature change (Art 
4-7, and Prob 21, page 104) 

Q - IF » Aw =* 0 

and 

IFtc “ Qbc = T{8, - fib) = 1040(0 0487) « 50 7 Btu 


With these processes, a reversible cycle can be constructed For this reversible 
cycle the change in i:Q/T]rev is zero and, to scale (Fig 5-5), 


Path 

Process 

As 

0r«fV 

1 rr rev 

ab 

Oinstant- volume addition of heat 

-fO 1211 

+ 

91 1 

0 

be 

Isothermal expansion (addition of 

-f 0 0487 

+ 

50 7 

+50 7 


heat) 





ta 

Constant-pressure (rejection of 

-0 1698 

— 

127 2 

-36 2 


heat) 







0 

T 

14 5 Btu 

+ 14 5 Btu 


Area a^ahcc' « heat added « « Qab + Qbe 

Area a*acc* « heat rejected » Qa =* Qca 

Area ahc *» -f- 0/2 “ 20 “ work done - 2 IF 


Note that, when heat is added to a process, the entropy increases, while, when heat 
IS rejected, the entropy decreases 
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Since the concept of entropy evolved from the Carnot cycle, what 
18 the relationship between a reversible cycle and the Carnot cycle? 
In Fig, 5-6 each area of width As is equivalent to a Carnot cycle 
Then, the work or heat transferred from a reversible cycle can be 
approximately found by summation of all of 
these small Carnot cycles By making As 
small, the error becomes less until in the 
limit, ^ the reversible cycle is exactly equal 
to an infinite number of Carnot cycles 
Then, for any reversible cycle, 





Fig 5-6 Reversible cycle 
equivalent to summation of 
Carnot cycles 


Example 4: Compute the thermal efficiency for the cycle described m this 
article 

Solution : The data for the problem are given in the table 


Path 1 

Process 

Heat 

Work 

ab 

Constant-volume addition of heat 


91 0 

0 

be 

Isothermal addition of heat 

+ 

50 7 

+50 7 

ca 

Constant-pressure rejection of heat 

- 

127 2 

-36 2 



1 + 

14 5 Btu/lb,„ 

[ +14 5 Btu/lb„ 


The thermal efficiency equals 
tW 14 5 

nt =* j ^ = 0 1022, or 10 22 per cent Ans 

Qa 141 7 


Note that a Carnot cycle operating between the maximum and minimum tem- 
peratures of this cycle would have a thermal efficiency of 


77l(Cftrnot) 


Tr ^ 

Ta 1040 


0 50, or 50 per cent 


The quantity of heat added in the problem was 

91 0 + 50 7 = 141 7 Btu/lb„ 

If this amount of heat could be reversibly added to a Carnot cycle (and this 
reversibility may not be possible), the work done would be 

TTcamot “ vtQA =* 0 50(141 7) =- 70 8 Btu/Ib„* 

^ This IS true from the integral calculus, refer to the topic ‘^The Definite 
Integral as the Limit of a Sum^^ in any elementary text on the calculus 
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The results of Example 4 illustrate again the Carnot maxim: Heat 
should he added at the highest possible temperature and rejected at the 
lowest possible temperature if the greatest amount of work ts to he gained 
5-8. The Availability^ of Heat. The concept of a perfect heat- 
engine cycle allows an evaluation to be made of the availability of heat 
Consider that, whenever a cycle occurs, the system is inevitably 
restored to its initial state and therefore the work of the cycle is 
obtained entirely from transformation of heat from a heat reservoir ^ 
Now when heat is reversibly transferred to a Carnot cycle, the maxi- 
mum amount of work is produced when the heat-rejection process of 
the cycle is made at the same potential as that of the atmosphere 
(Tp) Heat rejected at this temperature is entirely unavailable for 

producing work Consequently, 
the work done by such a Carnot 
cycle IS also the available part, the 
availahihiyj of the entire quantity 
of heat abstracted from the reser- 
voir Thus^ the term availability, 
when applied to a quantity of heat, 
denotes the portion of the heat that 
could he transformed into work by a 
Carnot cycle that has its heat-r ejection 
process at the same potential as that 
of the atmosphere With this defini- 
tion of availability, a certain por- 
tion of the heat is inherently unavailable energy because even the 
Carnot cycle will be unable to convert this energy into work 

By definition, then, the availability Ct of heat transferred at a tem- 
perature T is 



infinjte reservoir 


a 




(5-8a) 


The maximum work that can be obtained from conversion of heat, the 
availability, is seen from Eq (5-8a) to be made up of two parts 



(5-86) 


The first part, Q, is the total heat transferred, and the second part, 
To Q/T, is the portion that is entirely unavailable for the production 

^ A more general definition of availabibty is given in Art 12-13 
* See footnote, page 110 
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of work If the transfer of heat is reversible, QrcvjT is the change in 
entropy for the system 

ar.v]T-c = Qr,v - ToAs = TM - ToAs = {T ~ 7’o)As (5-8c) 

Here 

Qrev = heat transferred = TAs (area a^bcd\ Fig 5-7) 

^0 = unavailable portion = ToAs (area a'add/, Fig 5-7) 

Qrev — Tq ^ = availability = TAs — ToAs (area abcd^ Fig 5-7) 

(Whenever the availability of heat is evaluated by properties of the 
system, reversibility should be 
specified ) 

However, most sources of heat 
are finite rather than infinite, and 
heat will not be transferred at con- 
stant temperature The most efh- 
cient way to produce work from 
this heat would be to use an infinite 
number of Carnot cycles, each 
receiving heat at a certain tempera- 
ture level and all rejecting heat at 
the temperature of the atmosphere 
To Equation (5-86) show^s that the maximum w^ork, the availability, 
will equal 

- 2 

Ti to Ti 

In Fig 5-8, a reversible transfer of heat from a finite source is illus- 
trated The heat transferred equals (area a'bcd', Fig 5-8) 

SQrcv = Tds 

The unavailable portion of the heal transferred is (area a'add', Fig 
5-8) 

and therefore the availability is equal to 

ftrev = Qrev ^ T qAs 

(Area abed) = (area abed*) — (area a!add*) 



A^iG 5-8 Availability of heat from j 
finite reservoir 


(5-8c) 
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Equation (5-8c) can be changed into other forms by noting that 
Q^ = (4-5) 

Therefore, 

Ctrev = c^T — TqAs (6-8d) 

and for a constant-pressure process 

Qr.,]p^ = = AA (4-4) 

Therefore, 

Ctrevj;,=.r = A/i — TpAs (5-8e) 

The concept of availability is a means for measuring the change in 
available energy of a system A system contains energy m many 
forms; when work is reversibly done by the system, the available 
energy is decreased by the amount of work reversibly transferred to 
the surroundings When heat is reversibly added or taken away from 
the system, the available energy m the system must also change by an 
amount equal to the availability of the heat transfer 

Ctrev = increase (or decrease) m available = Qrev — T^As (5-9a) 

energy ot the system from ^ 

transfer of heat 

Then, the net change in available energy of any system between two 
states can be evaluated by measuring the sum of the reversible amounts 
of work and availability that can be transferred to (or from) the sur- 
roundings during the change of state ^ 

Note that the availability of heat is influenced by the value of To 
and this value is not a constant because the temperature of the earth 
and its atmosphere will vary from hour to hour and from season to 
season. Thus, in winter the real power plant is aided by the low- 
temperature water that can be circulated through the condenser and 
the work output is increased (even though low-temperature air must 
be heated through a greater temperature range) 

^ Although an infinite number of paths can be found between the two states, 
it matters not what path is selected for evaluating the change in available energy 
This statement must be true, for if two paths exist such that each path requires 
a different sum of work and availability to be furmshed, then these two paths 
could constitute a cycle The net effect of this cycle would be to transform 
unavailable energy into available energy This transformation is demed by the 
Second Law 
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Example 6 ; The hot gases of combustion are produced in a furnace by burmng 
fuel m air at atmospheric pressure, and a maximum temperature of 3000 F is 
attamed Whether or not the combustion process is efficiently conducted, the 
hot gases obtamed from the process are the finite heat reservoir for a thermo- 
dynamic cycle Determine the maximum thermal efficiency that can be theo- 
retically attained by a cycle using this heat reservoir (Assume the heat capacity 
at constant pressure of the gases to be 0 25 Btu Ibm' while the atmospheric 
temperature is 60 F ) 

Solution; The maximum amount of heat that can be transferred (area a'ftcd', 
Fig 5-8) 18 


‘1 r 520 

Qt^ L-c - / CpdT - 0 25(520 -- 3460) - -735 Btu/lb« gas 

J y3460 

The change in entropy for the reservoir during the heat-transfer process la 


As 


rfi20 dQr^r , 520 

Ueo T “ ^ 3460 


-0 476 BtuAb„ R 


When these values are substituted in Eq (5-8d), 


Ctrev]p-c =* / CpdT — ToAs 

(Area abed) = (area a'hcd') — (area a'add^) (Fig 5-8) 
aT^]p^c = -735 - 520(-0 475) 

- -735 -1- 246 
= —489 Btu/lbw gas 


(The minus sign merely shows, by convention, that the available energy of the 
heat reservoir has been decreased ) Thus, the work that can be obtained from 
an mfinite number of Carnot cycles receiving heat of amount 735 Btu is 489 Btu 
The unavailable part is 246 Btu The maximum possible thermal efficiency that 
can be attained by a system receiving this heat is 


" Qa 


489 

735 


0 665, or 66 5 per cent 


Ane 


If a higher efficiency than this is to be realized, a more efficient heat reservoir 
must be found, the combustion of the fuel must be improved or some method 
other than combustion used to release the energy contamed m the fuel 

Example 6 : Devise a practical system that could beat use the heat from a finite 
reservoir 

Solution : Here the problem is to replace the mfinite number of Carnot cycles 
with one cycle Assume that the heat reservoir is a flow stream of hot fluid 
(for example, gases from the combustion of coal) This heat reservoir could be 
reversibly cooled while the fluid for the cycle was reversibly heated by using a 
counterflow heat exchanger and a steady-flow process Either the fluids can be 
identical m properties, or else the product of mass flow and heat capacity for 
both streams must be identical to ensure that the rise in temperature of one stream 
can be exactly compensated by the fall in temperature of the other stream at each 
section throughout the exchanger Inspection of Fig A shows that the cycle 
fluid could be reversibly heated because the temperature differential between the 
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two fluids could be imagined to approach zero (although an mfinitely long passage 
would be necessary to heat the cold fluid to T and cool the hot fluid to To) The 
fluid leaving the heat exchanger can be led to a turbine, and, after the turbme» 
to an isothermal compressor (Fig B) Although complete reversibility of this 
system (or any system) is not attained, still, the system appears to be a more 
practical solution than an attempt to use an mfinito number of Carnot cycles 


“Res^vofr fluid 


Xycle fjujc i heafed 
TO T(mthe h mi f) 
R eservo^ fluid 

~arf 


fluid ^ 
atm iempTo 


R^trvotrTTu td 
■ - cooled w Jc 


Fig a Counterflow heat exchanger 


^^rd/nc 



Reservoir 
fluidai Tq 


M 

Cycle fluid K 

1 1 

at To 


afTo 

'compressor 


Fig B Reversible cycle 


5-9. Entropy — a Property of the State. The entropy of a fluid at 
any state can be calculated on the basis of heat and temperature 
measurements made during a reversibly conducted process Tables of 
properties are available for fluids representing the relationships 
between these properties, Fig II and III (Appendix) are ITs diagrams 
constructed from such data. Any point on a property diagram is an 

equilibrium state After the diagram (or 
a Table such as Table V, Appendix) has 
been constructed, any process can be shown 
that passes from one equilibrium state to 
another The change in entropy for an 
irreversible process can be found by locating 
the end states on the property diagram (or 
by using the table) However, the change 
of entropy for the irreversible process cannot 
be calculated from heat and work transfers 
for the process 

The same restrictions must be made for the Ts diagram as were 
made for the yv diagram (Art 4-4) A continuous path (1-2 in Fig 
5-9) can be rigorously^ interpreted only as an internally reversible 

^ Although real processes that approach reversibility will be shown as solid 
lines m subsequent figures 








4 



3 


/Tds 

2 


1 2 Reversible path 

r “ — — J Irdetermmalc path (irreversible) 
Apprommafe path (irreversible) 

Fig 5'9 Reversible and ir- 
reversible processes on the Te 
diagram 
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process. For highly irreversible processes, a dashed line (1-3) will be 
used to indicate the uncertainty in the states that were encountered 
because of nonuniform potential gradients When the irreversible 
process can be stopped at frequent intervals and an equilibnum state 
attained, the path could be approximated by connecting together the 
known equilibrium states (1-4) It is well to repeat that, although 
irreversible processes can be shown on the Ts diagram, the entropy of 
the fluid at each state must have been 
processes that were reversibly conducted 
For reversible processes the change m 
entropy equals SQ/ TJrev while for the 
irreversible process As XQ/T, 

5-10. Entropy and the Irreversible Pro- 
cess. Since both reversible and irreversible 
processes can be shown on the Ts diagram, 
it should prove instructive to examine and 
compare these processes Figure 5-10 rep- 
resents a temperature-entropy diagram for 1 
lb;„ of fluid such as air If air is isentro- 
pically compressed by a piston in a cylinder, 
by ab on Fig 5-10 For this process 


previously computed for 



versible and irreversible adi- 
abatic compression processes 

the process is represented 


ASab = 0 and 


f ^ 
J t\ 


= 0 


because Q = 0 


An irreversible but adiabatic compression will require a greater quan- 
tity of work to be added to the system for the same volume change as 
ab Therefore, the internal energy at the end of the process will be 
greater than that corresponding to state h The end point will he 
on the same const ant- volume line as does h but at a higher temperature 
because of the greater internal energy Since this temperature can be 
measured, point b' can be located on Fig 5-10 on the intersection ot 
the known volume and temperature line The entropy of 6' is greater 
than that of state b For this process 

Asab' > 0 and / ^ == 0 because Q = 0 


If process a6' is reversibly followed, heat must be added during the 
compression and 


f dQl 
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Suppose that the inverse process of expansion is examined An 
isentropic expansion is pictured by path cd in Fig 5-11 For this 
process 

As.. = 0 and [ ^] =0 (Q = 0) 


If the expansion process is adiabatic but irreversible, less work is 

obtained from the process, and therefore 
more internal energy remains in the system 
than for an isentropic expansion For this 
reason, the temperature at the end of the 
irreversible process will be higher than 
after the reversible process The end state 
must he on the same constant-volume line 
as does d but at a higher temperature 
From Fig 5-11, d' must have a greater 
entropy than d For this process 



Fig 5-11 Comparison of re- 
versible and irreversible adi- 
abatic expansion processes 


Aficd' > 0 and 


/ 




= 0 


iQ = 0 ) 


Process cd' can be reversibly followed if heat is added dunng the expan- 
sion and 


As..' 


_ f m 
J 


Comparison of all of these equations shows that, for the reversible 
processes, 

while for the irreversible process of either compression or expansion, 


As > 


/f 


(5-lOa) 


A little thought reveals that Eq (5-lOa) must be true for all irreversible 
processes Whenever an irreversible process occurs^ available energy is 
dissipated to produce a thermal effect The fluid cannot distinguish 
between energy transferred to the system as heat and energy dissipated 
within the system to produce the same effect 


Bxample 7; Water in a constant-pressure container is agitated by a paddle 
until the temperature rises from 60 to 100 F Compute the change m entropy 
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Solution : To repeat Eq (5-4), 


dS 


^1 

T Jrev 


In this case Q is zero, while the process is irreversible But entropy is a property 
of the state, and any path may be selected to pass from the known initial state 
to the known final state The specific heat of water is closely 1 Btu lb“^ F”^ 
(Table III, Appendix), and 


AS 


I 


mcpdT 

T 

. 1 


mcp In 


560 

520 


(5-7) 


and for 1 Ib^ of water 


As = 0 075 Btu/lb, 7 » R Ana, 

As a more general picture of the effect of irreversibilities, consider 
the reversible and irreveisible 
cycles illustrated m Fig 5-12 
Cycle abcd^ is similar to the Carnot 
cycle a6cd! except that the adia- 
batic expansion cd' is irreversible 
Both cycles receive the same 
amount of heat {ghcf) from the 
source at Tjl but the irreversible 
cycle must reject more heat {gad' e) 
to the sink at Tr than the reversi- 
ble cycle {gadf) This is a con- 
sequence of the irreversibility 
Figure 5-12 can be considered to be a graphical proof to show that an 
irreversibility will cause an increase in entropy, while for an analytical 
proof consider 



Fio 6-12 Comparison of reversible and 
irreveisible cycles 


Irreversible 

= 1 4 . ^ 1 

T?t(UT«V) ^ ^ ^ ^ Xa 


and 


Therefore, 


-Qb . Tr 
Q s Ta 


Qa -Q'b 

Ta Tr 


Reversible 

^ Qr . Tr 
- 1 +^ = 1 -- 


-Qr n 
Qa “ Ta 

Qa _ 

Ta “ Tr 
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and 


Qa ^ 
Ta Th 


< 0 



But for either cycle 


Qa . Qr 
Ta ^ Th 



0 

0 



Ihl 


ASfrom IrrevBriubilitiM 


Hence, for the irreversible cycle 

ASfrom irreversibilities ^ 0 (^lOb) 

The conclusion is, as before, that the change in entropy for an irreversible 
process is always greater than SQ/T, while the change of entropy from 
irreversibilities is always greater than zero, that is, positive in sense 
5-11. The Isolated System. As the next step in this investigation 
a cycle and a part of the surroundings affected by the cycle will be 
defined as an isolated system An isolated system, as the name implies, 
does not have transfers of energy or mass across the boundary Con- 
sider two isolated systems, one system consists of an irreversible 
cycle with a heat reservoir and a sink, \\ hile the other system contains 
a reversible cycle, heat reservoir, and sink Suppose these cycles are 
operated, energy in the form of heat^ will be converted into available 
energy and for each system 


Isolated System oj IrreveTStblc Cycle 
and Heat Reservoirs 


Isolated System of Reversible Cycle 
and Heat Reservoirs 


By the same reasoning as in Art 5-10, 


21 ] 


c>clo 


< 0 


(a negative quantity) 


m 


cycle 


^ 0 


But Q/T]r, 


r IB (V)y con\ ention) of opposite sign to that of the cycle , therefore, 


m 


> 0 


J reservoirs 

And for one complete operation of the cycle 


2 « 


= 0 


reserv oire 


2 


AS 

By stem 


2 t + 2 “ 

reservoira cycle 
■ (> 0 ) +0 




system reservoirs 
0 + 0 


cycle 


^ Technically, this transfer of energy is not heat because it occurs within the 
system However, each isolated system can be considered to be made up of two 
individual systems, and therefore the word heat can be retained, although somewhat 
lUogically. 
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Therefore, 


SAiS > 0 
SAE = 0 


irreversible 
isolated system 


SAiS = 0 
0 _ 


reversible 
isolated system 


Suppose that these cycles are reversed, the available energy stored in 
the system from the previous forward operations being used to drive 
the cycles as heat pumps For the reversible cycle the supply of avail- 
able energy is sufficient to restore the original condition of the heat 
reservoir Nothing has been lost For the irreversible cycle the 
supply of available energy is not sufficient to restore the original condi- 
tion of the heat reservoir Something has been lost — available energy 

In Example 7, the isolated system contains a work reservoir and 
water The net result of the process is a decrease in available energy 
of the work reservoir and a much smaller mciease in available energy 
of the water 

Whenever a loss of available energy occurs in an isolated systenij it will 
be found that the entropy and therefore the unavailable energy have 
increased It will be demonstrated in Examples 8 and 9 that the 
decrease m available energy equals 


Decrease in available energy of 
an isolated system 


-ToXAS 


(5-11) 


Example 8 . A pound of ico at 32 F is placed in 5 Ib^ water at a temperature of 
80 F Calculate the change of entropy for this process of an isolated system and 
the loss of available energy if 32 F is the temperature of the atmosphere 

Solution* From Table 111 (Appendix) the heat of fusion of ice is 144 Btu 
lb“^ while the specific heat of water is closely 1 0 Btu Ib"^ F"i 

The equilibrium temperature can be computed for this process at constant 
enthalpy 

[144 + (t - 32)]1 0 -h (t - 80) (1 0)(5) = 0 
-288 + 6i - 0 

t == 48F 

Although, because of the temperature difference, the process is mternally 
irreversible, each constituent, by itself, can be considered to be reversibly heated 
or cooled Even if they were not so considered, the initial and end states are 
known for each constituent, and any path could be selected to find the change in 
entropy 

“ ASmelUtia lo« “h A^he^ting malted lee 

conitent temperature from 82 to 4S F 

144 , 460 + 48 

- 32 + 460 460 + 32 

0 292 + 0 032 
= +0 324 
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^uSwftt«r 




^^^ooolins from 80 to 48 F 
bCp In fSJ 
-0 3055 

AiS»ioe H“ 

-f 0 0185 Btu/R AfW. 


ByEq (5-11), 

Loss of available energy 


-ro2(A>S) 

-492(0 0186) 

— 9 1 Btu Ans 


The validity of this answer can be checked by computing the change in available 
energy for each component of the isolated system just as if the process were 
reversible The 5 Ib^ of hot water at 80 F were cooled to 48 F, and therefore 
heat could have been transferred to a reversible cycle and work could have been 
obtained of amount equal to the availability of the heat For this hypothetical 
process, by Eq (5-9), 


Ctrevh-c “ decrease m available energy ^ 

/•508 R 

= 5 / CpdT - 5 

ywoR 


-160 + 150 6 = 


48 F 
80 h 

^0 In lU (a) 
9 4 Btu 


The decrease m available energy will have the same value whether or not the 
process is reversible, but only for the reversible case is the potentiality of producing 
work preserved 

The ice is melted without increase m available energy because the temperature 
remains constant The water is then raised in temperature from 32 to 48 F The 
mmimum availability of the heat that must be added (hypothetically) to the 
water is 


Ctw]j>-e « increase in available energv 


(Jc^T - 

^ CpdT - To In m 
16 - 15 7 - 03 Btu 



( 6 ) 


The net change m available energy of the isolated system is 
Xa ^ -9 4 -h 0 3 « -9 1 Btu Ans 

Then, +91 Btu of work could have been done by the system and a reversible 
cycle during the change of state experienced by the system if the process had 
been reversible Since the system was isolated, neither work nor heat transfers 
occurred, and available energy of amount 9 1 Btu was degenerated mto unavailable 
energ>^ 

For an isolated system, the sum of the available and unavailable energies is 
constant Then, the net decrease m available energy is equal (but of opposite 
sign) to the net increase in unavailable energy 

Increase in unavailable energy “ +9 1 Btu 
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Note that Eqs (a) and (h) can be added together 

Change m available energy — 144 — To ]n JJ| — 5Tq In 
and this is recognized to be 

Decrease m available energy = — (ro^ioe + T'oAjSmeitwi + TcAShot) 

ice w»t«r 

= -ToZAS 

Example 9 : For the data of Example 7, show that the increase in unavailable 
energy for the isolated system is equal to ToZAS 

Solution . Here the isolated system consists of a work reservoir and water 
The decrease m available energy of the reservoir is 

Decrease in available energy (work reservoir) = ^\W\ 

The increase m available energy of the water because of the rise m temperature 

IS 

Increase in available energy = mCpAl' — TqAS (5-8c) 

Hence, the net change in available energy is 

Decrease in available energy = —\W\ + mCpAT “ TqAS (c) 

But the heating effect mcpAT was secured entirely by dissipating the work m 
friction and turbulence 

IM^I « 7NCpAT (d) 

When Eq (d) is substituted in Eq (f), 

Deci ease in available energy = —TqAS 

Therefore, 

Increase in unavailable energy = ~\-TiiAS 
S energy for isolated system = 0 

6-12. The Isolated System (Continued). Examples 8 and 9 can 

be summarized by the statement 

dS]E ^ 0 for the isolated system (5-12) 

and, also, 

^0 for the isolated system (5-13) 

It should be noted that an irreversible process can have a net decrease 
in entropy if heat is taken away during the irreversible change But, 
if the process is isolated, it will always be found that a greater com- 
pensating increase in entropy is experienced by the other material 
taking part in the irreversible change Clausius recognized this uni- 
versal loss of available energy m his statement, ^^The entropy of the 
loorld increases towards a maximum 

Equation (5-12) was deduced as a consequence of the concept of 
reversibility It can now be used to identify an irreversible process 
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A process is irreversible if the entropy of the isolated system 
increases during the process. 

Moreover, a reversible process consists of a continuous senes of 
equilibrium states, and for the reversible process of an isolated system 
dS = 0 An irreversible process, on the other hand, is marked by 
noneqiuhbnum states, hence, the equilibrium of the state can be judged 
by Eq (5-12) All irreversible processes have a tendency for spon- 
taneous change to occur ^ Whenever such a change occurs, the entropy 
must mcrease Example 8 can be used as an illustration for this mean- 
ing of the increase in entropy of an isolated system Here the initial 
state of the isolated system consists of ice and warm water Is this an 
equilibnum state‘s Obviously it is not, for change of state will occur 
spontaneously During this change the entropy increases The final 
equilibnum state, when reached, is marked as a state of maximum 
entropy for a change at constant energy 

5-13. The System Equation. In the absence of potential and 
kinetic effects the First Law can be written for the closed system as 

8Q - BW = du (3-7c) 

When attention is directed only to properties of the system, it is not 
essential to recognize either heat or work Equation (3-7c) can be 
transferred entirely into a system equation by substituting, 

5Q„v = Tds 
5Wrev = pdV 

When this is done, 

Tds — pdv = du (5-1 4fl) 

Equation (5- 14a) is valid for either reversible or irreversible processes 
because all terms of the equation are properties, not affected by events 
at the boundary For this equation, however, it should be remembered 
that Tds is not heat, nor is pdv work Equation (5-1 4a) also is valid 
either for flow or for nonflow processes, because the presence of motion 
does not change the relationships between properties (Art 2-5) This 
can be realized by developing Eq (5-14a) from the steady-flow 
equation * 

6Q — BW = deoaw 


5Qrav = Tds 

-8Wr.y = vdp + d(KE) + d(PE) 

dcflow = du + d{pv) + d(KE) + d(PE) 


and 


(3-12) 
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Substitution gives, as before, 

Tds ~ pdv = du (5-1 4a) 

while it is also evident that, by adding d{pv) to both sides of the 
equation, 

Tds + vdp = dh (5-146) 

These are the same equations as for the nonflow system (with the same 
restriction that T'ds is not heat, nor is pdv or vdp work) Upon reflec- 
tion it must be concluded that this result should have been expected 
For example, if a steady-flow process has a constant velocity, there 
will be no change in kinetic energy and no effect upon the properties 
of Eqs (5-14). If the velocity is used to do reversible work, there will 
be no change in Eqs (5-14) If the velocity changes reversibly without 
transfer of heat or work, the effect on Eqs (5-14) is exactly equivalent 
to that of work reversibly transferred to the system The properties 
in Eqs (5-14) cannot differentiate between a reversible change of 
velocity in a flow process and a reversible compression or expansion 
in a nonflow process If the velocity changes irreversibly, the proper- 
ties of Eqs (5-14) are affected in the same manner as if heat were 
transferred to the system It can he concluded ^ therefore, that Eqs 
(5-14) are valid for all processes^ reversible or irreversible ^ that can be 
shown on a diagram of properties 

It frequently happens that the path of the process is unknown or 
indeterminate although the initial and final states can be measured 
Since entropy cannot be directly measured, Eqs (5-14) can be used to 
calculate the change in this property along any path connecting the 
two states Essentially this was done in Examples 7 and 8 

Equation (5-1 4a) is the relationship that exists between certain 
properties of the fluid in flow or nonflow processes In the simplest 
case of a one-component system m the absence of kinetic and potential 
energies, the state is defined by two independent intensive properties 
Equation (5- 14a) shows that two of the three fundamental thermody- 
namic coordinates — entropy, specific volume, and internal energy — 
will always define the state of a simple system However, it is more 
convenient to use intensive properties that can be directly measured, 
such as pressure and temperature The means for doing this will be 
investigated m later chapters 

6-14. The Irrev'ersible Process^ and the I Tds For a reversible process of a 
closed system the /pdv la work and the /Tds is heat What significance is there 

1 This article, like Art 4-8, is not a prerequisite for future material 
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to these integrals for an irreversible proress? A part of this question has already 
been answered,* for 

jpdv = WiTTBv + F (4-10) 


It already has been noted (Example 7) that the system is not always able to 
distinguish between heat and work, for both forms of energy may produce the 
same effect This is not surprismg since the distmction between heat and work 
IS entirely arbitrary and depends merely upon definitions Hence, the [Tds is 
the heating effect caused by transfer of heat and dissipation of available energy 

fTds - Q 

irrev + F (5-15) 


In Art 5-10 reversible and irreversible adiabatic expansion processes were 
compared Figure 5-13 illustrates these processes startmg from the same initial 

state The area under the expansion path 1-3 
represents the heating effect of the dissipated 
available energy F This area (133'20 measured 
to some scale equals the amount of available 
energy so dissipated As pointed out before,* not 
all this available energy is wasted (lost) because 
the heating effect increases the availability by 
changing the path 1-2 to the new path 1-3 The 
system could now be used as a heat reservoir and 
cooled from state 3 to state 2, and T 2 AS would be 
the net increase m unavailable energy incurred 
because of the irreversible expansion process 
For the practical case, however, the irreversible process 1-3 is compared* with 
the reversible process 1-2 because it is decidedly inconvenient to use as heat 
reservoirs the usual commercial systems Hence, the loss of energy for process 1-3 
that was available for path 1-2 is area 233^2^. Note that area 123 represents the 
increase in available energy of path 1-3 over 1-2 But this is no gam at all because 
available energy equivalent to area 133'2' was dissipat(d in the irreversible 
adiabatic process 

Equation (5-14o) can be derived by substituting Eqs (4-10) snd (5-15) in 
Eq (3-7c) 

Q -- W = Au 
(f7'ds — F) — {fpdv — F) — Au 

and as before 

Tdt — pdv “ du (5-14a) 

The same result can be obtained for the steady-flow equation by substituting 

-ilF™ « vdp + d(KE) -h d(PE) + dF 
SQ^rr^ = Tds ~ dF 



versible and irreversible adi- 
abatic expansion processes 


m the First Law equation, 
to obtain 


— 5pF = dpfinm 


de w Tds — pdv -b d{pv) -h d(KE) + d(PE) 


See Art 4-8 


(5-16) 
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Each term in this equation can be interpreted as a distinct form of energy 

jde total change of all types of energy 

STds change of apparent thermal energy either from irreversibihties or from 
heat transfers 

— jpdv change of compression energy 
/d(pv) change of flow energy 
AKE change in kinetic energy 
APE change in potential energy 

Rearrangmg Eq (5-16), 

Tds — jpdv de — dipv) — fi(KE) — d(PE) 

Or, by definition of de, 

de =» di/ “h d{pv) + d(KE) + d(PE) 

and therefore 

Tds — pdv = du (5- 14a) 

Tds -h vdp = dh (5-146) 

Problems 

1 List to the best of your knowledge all processes or events that the Second 
Law declares to be impossible 

2 Is radiation a violation of the Second Law? 

3 . If the velocity of a system should increase while the pressure decreased, 
would this be a violation of the Second Law? Explain How could the problem 
be stated so that the Second Law would be violated? 

4 Can Carnot^s mam premise be proved true? Could this premise be called 
the Second Law? 

6 Define the terms heai reservoir and heat sink 

6 Prove for definite temperatures of source and sink (a) no engine can be 
more efficient than a reversible engme, (6) all reversible engines have the same 
efficiency , (c) efficiency of a reversible engine is independent of the working fluid , 
(d) a system not receiving work cannot convey heat from a cold to a hot reservoir 

7 . Twenty Btu of heat are transferred to a reversible engine at a constant 
temperature of 180 F, and 15 Btu are rejected at a lower but constant temperature 
If these are the only heat-transfer processes for the cycle, what is the value of the 
sink temperature? 

8 If 20 Btu of heat are added to a Carnot engine at a temperature of 212 F 
while 14 6 Btu are rejected at a temperature of 32 F, compute the location of 
absolute zero 

9 A Carnot cycle operates between 300 and 100 F while 100 Btu of beat are 
supplied Determine the thermal efficiency, work, heat rejected, and change in 
entropy for each process 

10 . A Carnot cycle develops 10 hp while operating between 1000 and 60 I*’ 
Determine the thermal efficiency, heat added, and heat rejected 

11 . For the data of Prob 9 suppose the engine is reversed and used as a heat 
pump Determine the refrigeration (Qa) 

12 . Show that lowering the sink temperature increases the availability of heat 
If the sink temperature is lowered below that of the atmosphere (by using a heat 
pump), can a greater net amount of work be produced? 
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13 . A steel nvet at 1800 F and weighing 1 lb„ is dropped into an insulated 
bucket containing an equilibnum mixture of 10 Ibm of water and 5 Ibm of ice 
Determine the hnal temperature and increase lu entropj 

14 . If m Prob 13 the steel rivet is the heat reservoir, determine the available 
and unavailable energy for a sink temperature of 32 F If the final mixture is 
considered to be a heat reservoir, determine the available and unavailable energy 
for a sink temperature of 32 F 

16 Explain what is meant by the phrase “ reproducible thermal level Give 
an example of this 

16 . Devise an absolute temperature scale that would read 100 degrees at the 
boiling point of sulphur, and determine the temperatures on this scale for the freez- 
ing points of water, tin, and lead 

17 A Carnot engine is operated between 1000 and 500 11 while a similar engine 
rejects heat at 1000 R For equal efficiencies what must be the temperature for 
heat additions to the second engine? 

18 . In Example 2, an external irreversibilit> caused a loss in availability 
What was gamed by the presence of the irreversibility ? 

19 Determine the change m entropy between two states at and 2b if both 
states have the same specific volume and the beat eapacitv is = A -h BT + CT'^ 

20 List the uses for the property of entropy 

21 A mass of ivater with constant heat capacity of 1 0 Btu IbjR"^ is warmed 
from 40 to 180 F If the corresponding increase m entropy of the water is 2180 ft 
lb/ hnd the mass of fluid involved 

22 A gas cycle consists of t hree reversible processes ah isottierinal compression , 
be constant-pressure expansion, and ca reversible adialiatie Draw this cycle on 
the Ts diagram and indicate areas for (a) heat added, {b) heat rejected, and (c) 
work done 

23 Repeat Prob 22 for a cycle consisting of the following processes ab isen- 
tropic compression, be constant-pressure addition of heat, cd constant-volume 
addition of heat, de reversible and adiabatic expansion, ea c*onslarit-pressure 
compression 

24 . For low pressures, the heat capacity of a c certain gas is a function only of 
temperature and is 

«ooo 0 15(W) . 0 04(10«) 

Cp *= 0 338 — ’ d ^ — 

where T is in degrees Rankine Compute the change in entropy for a constant- 
preaaure process from 520 to 4000 R 

26 Repeat Prob 22 for a cycle made up of the following processes ab iso- 
thermal expansion , b( constant-volume addition of heat , cd isothermal c ompression, 
da constant-pressure compression 

26 For the data of Probs 22, 23, and 25 decide whether these are closed or open 
systems or both 

27 . Suppose m Prob 22 that all processes are irreversible but the same senes 
of states IS encountered Do the areas represent heat and work? 

26 A pound of lee at 32 F is placed in 6 Ib„ of ivatei at 80 F C’alculate the 
change in entropy foi the isolated system and the loss of availability (sink tem- 
perature IS 32 F) 

29 A pound of ice at 32 F is placed in 3 Ib^ of water at 70 F (Mculate the 
change in entropy for the isolated sy'^stem (sink temperature is 32 F) 
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30 . Determine the availability of the heat transferred to the cycle of Example 4 
(Assume that the heat is reversibly added to the cycle from two reservoirs, one of 
finite size and the other of infinite size ) 

31 Suppose that in Example 5 combustion of fuel results m a maximum tem- 
perature of 3000 R for the gases of combustion Find the availability for this 
heat energy andj the maximum possible thermal efficiency of a system receivmg 
heat from this reservoir 

32 . Suppose the cycle of Art 5-7 is made up of steady- flow processes Deter- 
mine the heat and work for each process if kinetic and potential effects are negligible 
33 Water in a constant-pressure container is agitated by a paddle until the 
temperature rises from 80 to 400 F Determine (a) the decrease of available 
energy for the reservoir furnishing the work, (5) the increase m availability of the 
heat reservoir (the water), (c) the total availability of the water (above 60 F), 
{(i) the loss of availability for the irreversible process of the isolated system 

34 . A stone weighing 50 Ib^ falls fiom a height of 1,000 ft and strikes an iron 
plate (100 Ib,^) that has the same temperature as that of tlie atmosphere (60 F) 
For the isolated system of stone and plate compute the net loss in available energy 
Assume that the heat capacity of stone and plate are equal with value of 0 2 Btu 
lb"‘ and that both objects experience the same temperature rise 

35 Water can exist as a supercooled liquid at —10 F Consider that ice at 
— 10 F spontaneously changes to water at the same temperature while exchanging 
heat with the environment of — 10 F 

H20(s) 11^0(0 at —10 F and atmospheric pressure 

Prove whether this process is possible, what, however, c an readily occur? 

Symbols 

A, R, C constants 
f heat capacity 

C centigrade scale 

e energy in general per unit mass 

E energy in general 

/ function 

F friction of any kind 

h Fahrenheit therinodyimmic temperature scale 

K Kelvin thermodynamic temperature scale 

KE kinetic energy 

I distance, length 

m mass, also, mass flow rate 

p pressure 

PE potential energy 

Q heat 

R electric resistance 

R Rankme thermodynamic temperature scale 

S entropy 

s entropy per unit mass (specific) 

i any thermal level, also, thermodynamic temperature 

T absolute thermodynamic temperature 

u internal energy per unit mass (always in thermal units) (specific) 
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Symbols 

V specific volume 

W work 

a > h a greater than 6 
In natural logarithm 

00 infinite 

% per cent 

1 1 numerical equality 

» approaches equality 

Greek Letters 

5 (delta) infinitesimal increment 

T?i (eta) thermal efficiency 

A (delta) difference 

2: (sigma) summation 

Subscripts 

A added 

/ force 

irrev irreversible 

m mass 

constant pressure 
rejected 
rev reversible 

V constant volume 

Suggested References 

1 Keenan, J H “Thermodynamics/' John Wiley & Sons, Inc , New York, 
1936 

2 Kiefer, P J , and M C Stuart “Thermodynamics/' John Wiley & Sons, 
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CHAPTER VI 

PROPERTIES OF FLUIDS 

The engineer needs complete data on the working fluid that is to be 
used in a process or cycle The most usual fluid of all is water, and the 
properties of water are known to a high degree of precision For this 
reason the interrelationships between the properties of water will be 
studied, although it should be realized that the same types of relation- 
ship Will be common to all fluids 

6-1. The pvT Surface for a Fluid, The interrelationships between 
pressure, specific volume, and temperature can be shown on a three- 
dimensional surface such as that illustrated, m part, by Fig 6-1 
Although this drawing is for water, it can be viewed as a characteristic 
surface for all fluids (of course, with different numerical values for the 
coordinates) The coordinates of a point on this surface represent 
the values for pressure, specific volume, and temperature that the 
fluid must assume if it is to be in a stable equilibrium state (Con- 
versely, if the properties of the fluid do not dictate a point on the sur- 
face, the fluid IS in a metastable state ) There are three regions, 
labeled Sj L, and G, on this model w^here fluid exists only in a single 
phase solid (ice), liquid (water), and gas (steam) In each of these 
single-phase regions the state of the fluid is defined by any two of the 
three properties of pressure, specific volume, and temperature, for all 
of these properties are independent of each other 

Between the single-phase areas are the transitional or two-phase 
regions where two phases exist in equilibrium liquid^vapor, solid-vapor y 
and solid-liquid The solid-liquid region extends (through gh) from 
a to by and the volume at b is greater than that at a This is because, 
w^hen ice melts, the volume decreases (Most fluids have the opposite 
characteristic of increasing volume when the solid is liquefied For 
these fluids, the solid region w^ill be moved back to V ) 

Within the two-phase regions the properties of temperature and 
pressure are interdependent, for one cannot be changed without chang- 
ing the other For this reason the state of the fluid, although defined 
by two independent properties, cannot be defined by temperature and 
pressure alone Specific volume and either temperature or pressure 
can be used for this purpose 
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The specific volume of the two-phase mixture is equal to the sum 
of the volumes (not specific volumes) of each phase because the mixture 
has unit mass Hence, if the amount of one phase is increased, the 
amount of the other phase is correspondingly decreased and the specific 
volume of the mixture must change because for each phase the spiecific 
volumes have different values 



Fia 6-1 The pvT surface for water (not to scale) 

Three phases can exist in equilibrium along line obd, which is the 
locus of the triple point Here, if the amount of one phase is increased, 
the amount of the two other phases is correspondingly decreased, but 
the exact amount for each of these two phases is mde terminate There- 
fore, the state of a mixture at the triple point cannot be completely 
defined by the properties of pressure, temperature, and specific 
volume because an infinite number of mixtures can exist at any point 
along line ahd However, inspection of the system equation [Eq 
(5-14a)] shows that in the absence of potential and kinetic effects the 
state of the system is determined by the values assumed by two of the 
three properties of entropy, internal energy, and specific volume 
The liquid from u to i; is in equilibrium with vapor and is therefore 
called saturated liquid The locus of single-phase states of saturated 
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liquid is ac. Similarly, the locus of single-phase states of saturated 
vapor IS dc. Saturated vapor is vapor in equilibrium with saturated 
liquid Note that states in the two-phase area, ocd, contain mixtures 
of saturated vapor and saturated liquid 


A number of processes can be devised to allow a traverse to be made on the 
surface of Fig 6-1 Consider a liquid at a given pressure and temperature, say 
pomt n in Fig 6-1. When the liquid at state n is cooled at constant pressure, 
the volume and temperature decrease while the state shifts toward pomt o Now 
when the liquid at o is cooled at constant pressure, ice appears, the volume increases, 
the temperature remains constant, and the state shifts toward point p while 
more and more of the two-phase mixture of hquid and solid turns into ice The 
solid at state p is heated at constant temperature, while pressure is decreased, 
the volume increases and the state shifts toward q along the path pq (lying on the 
area S) The ice at state q is heated at constant pressure, vapor appears, 
the volume increases, the temperature remams constant, and the state shifts 
toward point r through the two-phase mixture of solid and vapor At r the solid 
has been entirely converted into vapor without the appearance of a liquid phase 
(sublimation) State u is attamed by traversing the gas region a constant- 
temperature (expansion) path from r to s, a constant-pressure (expansion) path 
from 8 to t, and a constant-temperature (compression) path from f to a The 
vapor at state u is cooled at constant pressure, the temperature remains constant, 
liquid appears, and the state moves toward v while the two-phase mixture of 
liquid and vapor shrinks into liquid At state v only liquid is present The 
ongmal state n is restored by isothermal compression of the liquid from v to n 


6-2. The Equilibrium Diagram. Suppose that all points on Fig 6-1 
are projected to the temperature-pressure plane The resulting plot 
IS called the equilibrium or phase diagram It is illustrated by Fig 6-2 
All two-phase areas are reduced to lines on a diagram of temperature 
and pressure because these properties are interdependent during a 
phase change (phase changes at constant pressure also occur at constant 
temperature) 

Note that the triple point that was a line obd on Fig 6-1 appears as 
a point on Fig 6-2 The triple point is often confused with the ice 
pointy which IS (by definition) the zero of the centigrade scale and 
32° on the Fahrenheit scale At the triple point the pressure of 0 089 
psia is exerted entirely by the H 2 O, and therefore the temperature is 
32 018 F The ice point was defined to be 32 F when equilibrium 
exists between a mixture of ice, water, and air under a total pressure of 
14 696 psi The reason for defining the ice pomt in this manner was 
entirely for convenience of test 

Limit agh slopes to the left for water and to the right for other 
substances At extremely high pressures, different phases may be 
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assumed by the sohd Bndgman^’^ identified seven different 
crystalhne forms for ice; the regions where they exist are shown in 
Fig 6-2 Note that the pure substance H 2 O can exist in at least nine 
different and distinct phases 



Tempernture^F 

Fio 6-2 Phase diagram for water (not entirely to scale) 

Point c is called the critical point and marks the termination of any 
distinction between liquid and gaseous phases If hquid-vapor phases 
in equilibrium at uv and confined in a glass cylinder are maintained in 
equilibrium while the temperature and pressure are raised, the attam- 

* Bridgman, P W , High Pressure and Five Kinds of Ice, J Franklin Inst , 
ITT (No 3), 315-332 (1914) 

* Bridgman, P W , The Phase Diagram for Water, J Chent Phys , 5 , 964-966 
(Dec 1937) 
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merit of state c will be marked by the disappearance of the meniscus 
that identified the presence of two phases In the vicinity of state c, 
the properties of the liquid phase and the vapor phase approach each 
other in similarity, for example, the specific volumes of liquid and gas 
approach the same value At state c all properties of both phases 
become identical Note that a single phase of a fluid when confined 
in a glass container could not be visually recogmzed to be either a solid, 
liquid, or gas (unless a change in color occurs with change of phase) 
The Tp diagram shows that the liquid and the gas phases caimot be 
separately identified when the temperature and pressure are above the 
critical values In this region, these two phases merge into one phase 
without forming a two-phase mixture, and the general name Jluzd is 
more appropriate than the phase names liquid and gas 

It 18 interesting to traverse the fluid region with the glass cyhnder and piston 
Consider two phases m equilibrium at state vv If the pressure is raised while 
temperature is held constant, the vapor phase disappears as evidenced by dis- 
appearance of the liquid meniscus, and the compressed liquid will pass to state w 
Now, if the temperature is raised while pressure is held constant, the state x can 
be attained without the appearance of a phase change Similarly, the state can 
be changed from x to y and y to u' without the appearanee of two phases But 
with the attainment of w, a liquid phase dehriitely appears from what was pre- 
sumably all liquid Hence, somewhere along the path uvwxyu' the liquid phase 
must have changed into the gas phase Since the change occurred without 
evidence of two phases being present, the evact point cannot be stated where the 
describing names of gas and liquid became applicable 

The path nopqrstn followed on Fig 6-1 is reproduced on Fig 6-2 

6-3. Definitions. At the nsk of &ome duplication a numbei of 
new conditions will be defined here 

Limit efj abdy c of Fig 6-2 is the vapor pressure curve 
Liquid m equilibrium with vapor is sah/rafed liquid 
Vapor in equilibrium with liquid is saturated vapor 
Liquid at a lower temperature than the saturated liquid at the same 
pressure is called subcooled liquid (state n) 

Vapor at a higher temperature than the saturated vapor at the 
same pressure is called superheated vapor or gas (states s, i, u\ and y) 
When a phase change occurs from the solid directly to the gas 
phase, the process is called sublimation The heat required to effect 
this change (at constant pressure and temperature) is called the latent 
heat of sublimation Similarly, the heat required for a phase change 
from solid to liquid at constant pressure and temperature is called the 
latent heat of fusion, while the heat necessary to vaporize liquid into 
gas at constant pressure and temperature is called the latent heat of 
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vapiynzaiion. The term latent heoi is used because no rise in tempera- 
ture accompanies the transfer of heat dunng a phase change 

6-4. Pressure-Specific-volume Diagram. A diagram of pressure 
and specific volume (Fig 6-3) can be obtained by projecting all pomts 
of Fig 6-1 over to the pv plane. The regions iS, L, and Q correspond 



Fiq 6-3 Pressure specific- volume diagram for water (not to scale) 

to the phases indicated by the same letters in Fig 6-2 Note that the 
triple point on the pressure-volume diagram is a line while the phase 
boundaries of Fig 6-2 become areas Since the phase change from 
solid to liquid is marked by a decrease in volume, the liquid region on a 
plane diagram lies to some extent under the sohd-hquid region (abgh) 
Figure 6-3 illustrates that, for temperatures above the cntical 
temperature, compression of a gas (without cooling) will not cause the 
appearance of two phases signifying condensation to the liquid state 
Because of this it is often stated that a gas with temperature above the 


PROPERTIES OF FLUIDS 


153 


cntical temperature cannot be liquified by compression It would be 
better to say that a liquid and a gas cannot be distinguished from each 
other under these conditions 

The paths nopqrstuvn and uvwxyu'u are reproduced on this diagram 
to facihtate study 

6-6. The Two -phase Mixture. The relative amounts of each 
phase that are present in a two-phase mixture depend on the quality 
of the mixture The quality of a two-phase mixture is equal to the 
ratio of the mass of vapor to the total mass of mixture Although 
defined as a ratio, it is frequently used as a percentage Saturated 
liquid IS zero quality or 100 per cent moisture Saturated vapor is 100 
per cent vapor and 0 per cent moisture A quality of 0 60 signifies 
that the mixture consists of 60 per cent vapor and 40 per cent liquid 
The letter x will be used to designate the quality . 

_ mass of vapor 
mass of mixture 

Since the pound mass will be the usual unit, 

1 Ibm mixture of x quality = x lbn» vapor -f (1 — a;) Ibm liquid (a) 

The specific values (that is, values for 1 Ibm) for the extensive properties 
of volume, enthalpy, entropy, and others can be determined by Eq, 
(o) for the mixture (The state of saturated liquid is denoted by the 
subscript / and that for the saturated vapor by the subscript g ) 

Vatqumlity x ^ Vx == XVg + {I — X)Vf \ 

K = xhg -h (1 — x)hf > (b) 

Sx = XSo + (1 “ x)Sf ) 

The change m these properties during the phase change is shown by the 
subscript fg or 

Hq h/f — hfg I 

V, - Vf = Vfg I (c) 

Sg S/ = Sfg j 

Equations (6) [by the use of Eq (c)] can be converted to 

Vx = Vf + XV fg ) 

hx = hf + xhfg I (6-1) 

S* = 8/ + XSfa ) 

It should be understood that values for the saturated properties are 
selected for the conditions of pressure and temperature present for the 
two-phase state 
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6-6. Tables of Properties. Complete data are not available for 
most fluids used in engineering The properties of a few of the more 
common fluids have been the object of experiment for many years, and 
the properties of water have been evaluated to a high degree of accu- 
racy The data for water are compiled in volumes called the Steam 
Tables^ an example of which is Thermodynamic Properties of Steam 
by Keenan and Keyes This particular volume is used so extensively 
in engineering that a r4sum6 of the contents will be made m the follow- 
ing section ^ 

In Table 1 the data are arranged with temperature as the inde- 
pendent variable Values are given from 32 F to the critical point of 
706 4 F In Table 2 pressure is used as the independent variable 
with values ranging from 0 25 m Hg to the critical point of 3206 2 psi 
These tables locate the vapor-pressure curve adc m Fig 6-2 

Table 1. Saturation Temperature! 

Abe Preeaure Specific Volume Enthalpy Entropy 


Temp 

Lb 


Sat 


Sat 

Sat 


Sat 

Sat 


Sat 

Temp 

Ffthr 

Sq In 

In Hg 

Liquid 

Ewap 

Vapor 

Liquid 

Erap 

Vapor 

Liquid 

Erap 

Vapor 

Fahr 

t 


P 


""fg 





■f 

“fg 

®g 

t 

S2^ 

0 08854 

0 1803 

0 01602 

3306 

3306 

0 00 

1075 8 

1075 8 

0 0000 

2 1877 

2 1877 

12“ 

15 

0 09965 

0 2035 

0 01602 

2947 

2947 

3 02 

1074 1 

1077 1 

0 0001 

2 1709 

2 1770 

86 

60 

0 2663 

0 5218 

0 01604 

1206 6 

1206 7 

28 06 

1059 9 

1088 0 

0 0555 

2 0393 

2 0948 

60 

60 

0 6069 

1 0321 

0 01608 

633 1 

633 1 

48 02 

1048 6 

1096 6 

0 0932 

1 9428 

2 0360 

80 

100 

0 6492 

1 6326 

0 01613 

350 3 

350 4 

67 97 

1037 2 

1106 2 

0 1395 

1 8531 

1 9826 

100 

706 4 

8206 2 


0 0503 

0 

0 0503 

602 7 

0 

902 7 

1 0680 

0 

1 0580 

706 4 

Abetracted from 

"Thermodynamic Properties of Steam" by J H 

Keenan and F G Keyes, published by John Wiley A 

Bona, Ida , New York, 1936, by permission 









Table S 

Saturation Preaaurea 










Aba 












Aba 

Preaa 


Specific Volume 


Enthalpy 

Entropy 

Internal Energy 

Preaa 

Lb Temp Sat 

Sat 

Sat 


Sat 

Sat 

Sat Sat 

Sat 

Lb. 


Sq In Pabr Liquid Evap Vapor Liquid Evap Vapor Liquid Erap Vapor Liquid Evap Vapor Sq In 

P t T, V,, Tg h, hfg hg 8f Bfg »g U, Ofg Ug P 

10 141 48 0 01680 118 71 100 37 1013 2 1122 0 0 2008 1 6885 1 8863 106 36 647 3 1066 7 

16 213 03 0 01672 26 26 181 11 666 7 1160 8 0 3135 1 4415 1 7546 181 06 890 7 1077 8 IS 

SO 281 01 0 01727 8 515 250 09 624 0 1174 I 0 4110 1 2474 1 6685 246 63 845 4 1065 3 60 

100 327 81 0 01774 4 432 208 40 888 8 1187 2 0 4740 1 1286 1 6026 298 08 807 1 1105 2 100 

lU 355 21 0 01805 3 134 327 13 866 3 1163 4 0 6097 1 0631 1 6728 326 65 783 3 1106 6 144 

160 358 42 0 01809 3 015 330 51 863 6 1194 1 0 5138 1 0556 1 5694 330 01 780 5 1110 5 160 

LOOO 644 61 0 0216 0 4240 0 4456 542 4 646 4 1191 8 0 7430 0 6467 1 3897 538 4 1106 4 1,000 

S,306J 705 40 0 0503 0 0 0503 602 7 0 602 7 1 0580 0 1 0580 872 6 872 9 3.a06J 

Abstracted from '‘Thermodjmaimo Prop^tiefl of Steam" by J H Keenan and F G Keyes, published by John Wiley A 
Boos, Ino , New York, 1636, by permuaion 

The datum for enthalpy and entropy arbitrarily is designated to be 
the state of saturated liquid at 32 F. 

Example 1 : What is the internal energy of 1 lb„ of saturated water at 32 F? 

* John Wiley & Sons, Inc , New York, 1936 

* Other tables are available for the properties of engineering fluids See 
references at the end of this chapter 
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Solution: Steam Table 1 does not hat values of mtemal energy However, 
internal energy can always be computed from the defining equation for enthalpy 


From Steam Table 1 


hf 

V 

V/ 


u 


h 




0 00 

0 08854 psi 
0 01602 ft3 


h 


pv 

1 


0 00 - 


0 08854(144)0 01602 


778 16 
-0 0002625 Btu/lb^ 


( 2 ^ 66 ) 


The minus sign is a consequence of the arbitrary datum assigned to enthalpy 
Example 2* Calculate the entropy change during vaporization from the satu- 
rated-liquid state at 35 F to the saturated-vapor state and compare with the 
table value 

Solution; Prom Steam Table 1, at 35 P, 


hf, = 1074 1 Btu/lb^ 


The defining equation for entropy is 

-"/fL 

Since this is a constant-temperature and also a constant-pressure change, 

As = %\ = ^" = = 2 1709 Btu/lb„ R Ana 

Tjrev T 35 + 4i>9 6 

Or the same equation can be derived from the svstem equation 

Tds -h vdp = dh (5-146) 


and for this constant-pressure change 

dp 


Hence, 


ds 


Since the temperature is constant, 

As 


- 0 


dh 

~T 


h/ff 

T 


Example 3 * What are the specific volume and specific enthalpy of a two-phase 
mixture of 35 per cent quality if the pressure is 3 psi? 

Solution . From Steam Table 2, for p =3 psi, 

Vf ^ 0 01630 
V, = 118 71 
kf = 109 37 Btu/lbm 
hf, = 1013 2 Btu/Ib„ 
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ByEq (6-1), 

»• - t?/ -h XV ft, 

- 0 01630 +x(118 71 - 0 01630) 

« 0 35(118 71) 

If, - 41 5 ft«/lb« An» 

hg ™ hf xhfff 

kg « 109 37 + 0 35(1013 2) 
hg ™ 463 4 Btu/lb» Ana 

In Steam Table 3 the two independent properties of pressure and 
temperature are used to define the state of a single-phase system of 
gas Steam Table 3 presents values from 1 psia and 120 F to 5500 
psia and 1600 F This range covers in part region G of Figs 6-1, 
6-2, and 6-3 


Table 8. Superheated Vapor 


Aba. Press. 










Lb /Sq. In. 


Sat. 

Sat 

Temperature — Degrees Fahrenheit 


(Sat. Temp.) 


Liquid 

Vapor 

260'* 

300° 

360° 

400° 

460° 

600° 

14.696 

V 

0 02 

26 80 

28 85 

30 53 

33 03 

34 68 

37 14 

38 78 

(212 00) 

h 

180 1 

1150 4 

1173 8 

1192 8 

1221 1 

1239 9 

1268 2 

1287 1 


s 

0 3120 

1 7566 

1 7902 

1 8160 

1 8518 

1 8743 

1 9060 

1 9261 

188 

V 

0 018 

3 264 



3 309 

3 521 

3 821 

4 013 

(351 01) 

h 

323 6 

1192 7 



1197 8 

1221 4 

1254 3 

1275 4 


s 

0 5054 

1 5763 



1 5825 

1 6106 

1 6476 

1 6700 

140 

V 

0 018 

3 220 



3 258 

3 468 

3 764 

3 954 

(353 02) 

h 

324 8 

1193 0 



1197 3 

1221 1 

1254 1 

1275 2 


B 

0 5069 

1 5761 



1 5804 

1 6087 

1 6458 

1 6683 

144 

V 

0 018 

3 134 



3 160 

3 366 

3 655 

3 840 

(356 21) 

h 

327 1 

1193 4 



1196 5 

1220 4 

1253 6 

1274 8 


8 

0 6097 

1 5728 



1 6765 

1 6050 

1 6423 

1 6649 

160 

V 

0 018 

3 015 



3 023 

3 223 

3 502 

3 681 

(358 42) 

h 

330 5 

1194 1 



1195 1 

1219 4 

1252 9 

1274 1 


B 

0 5138 

1 5694 



1 5706 

1 5995 

1 6372 

1 6599 

1000 

V 

0 0216 

0 4456 







(544 61) 

h 

542 4 

1191 8 








8 

0 7430 

1 3897 







Abstracted from ‘ 

'Thermodynamic Properties of Steam 

” by J B 

[ Keenan and F G 

1 Keyes, 


published by John Wiley a Sons, Inc , New York, 1936, by permission 


Example 4: How much heat must be transferred to raise the temperature of 
steam from the saturation temperature to 500 F if the pressure is constant at 
144 psia? 

Solution: For a constant-pressure (and reversible) process the heat added 
equals the change m enthalpy 


Qrwrlp^ » Aj *— Ai 


(4-4) 
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From Steam Table 3^ 

144 psia 355 21 F h„ ^ 1193 4 Btu/lb« 
144 psia 500 F /i « 1274 8 Btu/lb„ 

Qpbv * 

=»= 81 4 Btu/lb„v Ans 


Example 5: Assume that the heat transferred m Example 4 was a measured 
quantity and the entropy change for the process is to be calculated 
Solution : The average heat capacity can be calculated 


^revjp— C “ CpAt 
_ Qrcv 

c 


’■ 81 4 Btu/Ib„ 
81 4 


144 8 
= 0 562 Btu/Ib„ F 


The change in entropy can be calculated from 


As 


, In 


Ti 


■ 0 562 In 


959 6 


814 8 
= 0 0921 Btu/lhm F 


The entropy at the initial state is (Steam Table 3) 


(Example 4) 


(5-4) 


and 


Si = 1 5728 
Sj = 5i + As 

Sa = 1 6649 Btu/lbm F Ans 


The value listed in Steam Table 3 at 144 psia is 


S2 = 1 6649 An'i 


The answer checks the table, although it should be reahzed that this method 
IS an approximation 

Example 6 • How much heat must be transferred to 1 Ibm of steam in a constant- 
volume container to raise the pressure from 144 psia to 150 psia? The initial 
temperature is 360 F 

Solution : From Steam Table 3 for the mitial conditions 


pi = 144 psia 
ti = 360 F 
vi = 3 160 ftVlbm 
hi = 1196 5 Btu/lb„, 

The heat added at constant volume is equal to the change in internal energy 
[Art 4-7 and Eq (4-7)] Since this property is not listed in Steam Table 3, it 
must be computed m the manner illustrated in Example 1 


Ui 


hi - 


Pi«i 


1196 5 - 


144(144)3 160 


778 16 


1112 2 Btu/lb„ 
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The volume and pressure at the end of the process are known , hence, interpolation 
can be made in Steam Table 3 between temperatures of 380 and 390 F at a pres- 
sure of 150 psia to find 


h 2 = 1211 4 Btu/lb^ 


Solvmg for internal energy gives 

?/, - 1211 4 - 


150(144)3 160 
778 16 


and 


« 1123 6 Btu/lb„ 


= 1123 6 - 1112 2 
« 11 4 Btu/lbm Ans 


The data in Steam Table 4 for the single-phase state of compressed 
liquid are tabulated for the independent properties of pressure and 
temperature Difference values are given for each property from the 
saturation state to the state m question 


Table 4 Compressed Liquid 
Temperature — Degrees Fahrenheit 






32° 

100° 

200° 

300° 




p 

0 08854 

0 9492 

11 526 

67 013 


Saturated 

Vf 

0 016022 

0 016132 

0 016634 

0 017449 


Liqiud 

hf 

0 

67 97 

167 99 

269 59 

Abs Press. 



Sf 

0 

0 12948 

0 29382 

0 43694 

Lb /Sq. In 
(Sat. Temp ) 

(v - V() 

10® 


-1 1 

-1 1 

-1 1 

-1 1 

200 

(h - hf) 



+0 61 

-hO 54 

-hO 41 

4-0 23 

(381 79) 

(s - Sf) 

103 


-f-0 03 

-0 05 

-0 21 

~0 21 


(v - Vf) 

10“ 


-2 3 

-2 1 

-2 2 

-2 8 

400 

(h - hf) 



+1 21 

4-1 09 

-hO 88 

4-0 61 

(444 59) 

(a - Bf) 

103 


+0 04 

-0 16 

-0 47 

-0 56 


(v — V,) 

10“ 


-3 5 

-3 2 

-3 4 

-4 3 

600 

(h - hf) 



-hi 80 

-hi 67 

-hi 31 

-hO 97 

(486 21) 

(a - Sf) 

103 


+0 07 

-0 27 

-0 74 

-0 94 


(V - Vf) 

10“ 


-4 6 

-4 0 

-4 4 

-5 6 

800 

(h - hf) 



+2 39 

-h2 17 

-hi 78 

-hi 35 

(518 23) 

(a - 8f) 

103 


+0 10 

-0 40 

-0 97 

-1 27 


(V - Vf) 

10“ 


-5 7 

-5 1 

-5 4 

-6 9 

1000 

(h - hf) 



4*2 99 

-h2 70 

-h2 21 

-hi 75 

(544 61) 

(a -8f) 

103 


-hO 15 

-0 53 

-1 20 

-1 64 

Abstracted from "Thermodynamic Properties of Steam" by J H 

Keenan, and F 

Q Keyes, 


pubUshed by John Wiley dc Sons, Inc , New York, 1936, by permiasion 


Example 7: Water is isentropically compressed m a flow process from the 
saturated state at 100 F to a pressure of 1,000 psia How much work is required? 
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How much work is required if the efficiency of the pump is 60 per cent (of the 
reversible value)? 

Solution: Steam Table 4 mdicates that the entropy at 1,000 psia and 100 F is 
less than the imtial (saturated) value at 100 F Therefore, during the isentropic 
compression (Fig A) the temperature of the water must have increased to some 
extent Interpolation can be made at 1,000 psia between 100 and 200 F for the 
state where the entropy is equal m value 
to the initial value 

8/^ 0 12948 

Although the accuracy of this mterpola- 
tion 18 questionable because of the wide 
difference in temperature, however, 
interpolation shows 

« 52 « 0 12948 Af = 0 32 F 

And the temperature^ after compression 
is 

t2 » 100 32 F 

Hence, the temperature rise is negligibly small, and the temperature after com- 
pression can be assumed to be equal to the initial temperature for most problems 
In the same manner, the enthalpy corresponding to this temperature and at a 
pressure of 1,000 psia is found to be 

hi ~ hf Ahi^c + ^hp^c 
= 67 97 + 2 70 + 0 3 

(Here the 0 3 Btu could have been neglected ) The work is 
IFrev ~ h\ ~~ hi I 

= —3 0 Btu/lb„ Ans 

If the efficiency of the actual pump is 60 per cent, then the work required is 


Locus of 
seifurafed 



Fig a Exaggerated ITs diagram to 
show comprossion of saturated water to 
1000 psia (subcooled at 1000 psia) 


or 


_ ideal work __ WtMn 
T^pump actual work WactuMi 


IF actual 


-30 
0 60 

— 50 Btu/lbm 


Ans 


Hence, for the actual pump the enthalpy of the liquid will be increased because of 
friction and turbulence This heating effect wiil cause a pronounced rise m 
temperature when compared with the temperature rise of the reversible pump 
Interpolatmg again between 100 F and 200 F at 1,000 psia but noting that the 
heat capacity is closely 1 Btu lb“^ F”^ and that 2 Btu Ib^^ of energy is dissipated 
m turbulence will give 

' Inspection of Fig 6-4 shows that, for water at 39 F, isentropic compression 
will result in no rise m temperature 
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Fig 6-4 Temperature entropy diagram for water 


Ai ™ fitter “f” Aiirrev 

-03 + 2 
- 23F 


tt matoMX “ 102 3 F 

An approximate method can be used for problems of this type The work of a 
reversible flow process (m the absence of kinetic and potential effects) is 

Wnv “ —jvdp — fpdv — AFE 


(4-2) 
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Since the volume does not change greatly, 

TFrev » —v{p2 — pi) 

0 01613(144) (1000 - 0 9) 

778 16 

PS —2 99 Btu/Ibm Ans, 

But this same equation can be obtained by assuming that the work is necessary 
only to increase the flow energy of the fluid The small amount of work spent m 
compressing the hquid was noted in Art 3-66 

Wcomv = ipdv 

w 0 0053 Btu/lbm 

Hence, the work supphed to the usual liquid pump is used to mcrease the flow 
energy of the fluid, and only a negligible portion of the work is used to compress 
the fluid 

6-7. The Temperature Entropy Diagram. A diagram of temper- 
ature and entropy when constructed from the Steam Tables would 
appear similar to Fig 6-4 The state of the subcooled liquid will 
apparently be on the saturated-liquid line because of the proximity of 
constant-pressure lines for the li- 
quid phase in this region. The little 
effect that compression has on the 
temperature of the liquid was illus- 
trated m Example 7. 

Example 8. Water at a temperature 
of 100 32 F and a pressure of 1,000 psia 
IS to be heated in a steady-flow process 
to the state of dry saturated steam at the 
same pressure How much heat must be 
transferred? 

Solution : For the hquid phase, Steam 
Tables 1 and 2 give only saturated 
values However, the enthalpy of subcooled water at the state given m this 
problem corresponds to that of Example 7 From this example, 

p, = 1,000 psia ii = 100 32 F « 70 97 Btu/lb„ 

From Steam Table 2, 

P 2 = 1,000 psia h = 544 61 F ^ 1191 8 Btu/lb« 

For this steady-flow process Eq (3-15) shows that 

Qrev “ Az — = 1120 8 Btu/lb« Ana 

The area representing this quantity of heat is laid out in Fig B as a^abcc' 


Locus of saturated 
Z/^u/d states 


Saturated 
vap<^ 

lOOOp 



Vpsta 


Fig B Constant pressure 
process (at p = 1000 psia) 


heating 
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Example 9: What significance is there to the area under the saturated liquid 
line on the Ts diagram (Fig Example 8)? 

Solution ; Smce any area on a Tb diagram represents a reversible transfer of heat, 
this area represents the heat transferred during a reversible process wherem the 
pressure increases continuously although all states are saturated states The 
First Law can be apphed to such a process executed by a closed system 

Q ^ W = Au — W2 — wi 

and 

fY rev ” ^ pdv 

Hence, 



Note that Q is neither Au nor Ah This equation can be graphically solved by 
measurmg the fpdv on & pv diagram 

The same answer can be obtained in a slightly different form by proposing 
that the process be a reversible flow process For this case the First Law shows 

Q ~W ^ Ah 

and 

Wtw ~ ^ vdp 

Hence, 



This equation can be evaluated m the same manner as for the closed-system 
equation [and both equations can he directly obtained from the system equa- 
tion (6-14)] 

6-8. The Mollier Diagram. A convenient diagram of properties 
IS the enthalpy-entropy diagram (Fig 6-5) proposed by and named 
after Mother This chart is widely used for industrial problems involv- 
ing high-pressure steam; hence, the usual version presents only the 
part of the two-phase region that will normally be of value Studying 
Fig. 6-5, note that constant-pressure lines incline upward and to the 
right and that within the two-phase region they are also lines of con- 
stant temperature From the saturated-vapor line originate curved 
isothermals that approach a horizontal limit some distance from the 
saturation Ime Lines of constant moisture and lines of constant 
superheat cross the pressure lines at approximately 90 deg In the 
low-pressure region the constant-pressure lines are constructed for 
units of inches of mercury as well as units of pounds per square inch 

Example 10 : Steam at a pressure of 144 psia and a temperature of 400 F enters 
an ideal turbme and leaves at a pressure of 3 peia under conditions of steady 
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flow How much work is delivered (a) if the process is adiabatic and reversible 
and entenng and leaving kinetic energies are negligible, (&) if the turbine is irre- 
versible and only 70 per cent of the isontropic work is obtained? 



Solution: a The work done 
18 (Arts 3-6/ and 5-10) 


by a steady-flow system under these conditions 


» (hi — 
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The properties of the steam entering the turbine are obtained from Steam Table 3* 

hx - 1220 4 Btu/Jb„ 

«i * 1 6050 Btu/lb« R 

At exit the known properties are 

S 2 * 1 6050 Btu/lb„ R 
pj = 3 psia 

Inspection of Steam Table 2 shows that for this value of entropy the steam must 
be a two-phase mixture The quality must be calculated from Eq (0-1) 

^2 ~ 8/ “b XSfg 

(Values of «/ and rjq are obtained from Steam Table 2 while S 2 is known ) 

1 6050 = 0 2008 -b x{\ 6855) 

1 - 0 835 

Since the quality is known, the enthalpy can he calculated 

= hf xhfg 

- 109 37 + (0 835) (1013 2) 

= 956 4 Btu/lb„, 

and the work can be found from the change m enthalpy 

Wr.y = hi -h2 -- 1220 4 - 956 4 

* 264 Btu/lbm Ana 

This problem is greatly simplified by use of a Molhcr diagram The mitial 
conditions can be located on this chart as shown in Fig 6-5 for the data of 
Example 10 From the initial state to the end state is a process at constant 
entropy, and therefore following a vertical path from point 1 down to the known 
pressure line enables the enthalpy of state 2 to be directly read from the ordinate 
without calculation for the quality 

6 The irreversible process will deliver 

IT - 0 70(264) 

= 184 8 Btu/lb„ Ans 

The final state of the steam can also be located on the Mollier diagram smee the 
pressure and enthalpy are known 


h^' ^ hi -W 

= 1220 4 - 184 8 
- 1035 6 Btu/lb„ 

and 

p — 3 psia 

8-9. The Throttling Calorimeter. Although the state of a one- 
phase system is completely described by measuring the independent 
properties of temperature and pressure, for a two-phase system tem- 
perature and pressure are no longer independent, and some other 
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property such as enthalpy or internal energy must therefore be meas- 
ured before the state can be determined However, measurements 
of the intensive properties of temperature and pressure are more easily 
and more precisely made than measurements of extensive properties, 
hence, it is preferable to devise a means to use these intensive proper- 
ties as indicators of the state of a two-phase system In Fig 6-6 are 
shown the elements of a Mollier diagram, and point a represents the 
state of a two-phase system The pressure and temperatures of a do 
not determine the state because any other state such as x would have 
the same values for these properties 
to state b by a process at constant 
enthalpy, state h is defined by 
pressure and temperature alone be- 
cause only one phase will be present 
If a constant enthalpy process is 
devised that will enable state h to 
be attained, then state a can be 
found from calculation because the 
enthalpy at a is equal to that of b 
and this property along with the 
independent property of pressure 
(or temperature) determines the 
state of a two-phase system 

The constant-enthalpy process can be closely approached by use of 
a throttling calorimeter (Fig 6-7) A sampling tube s is inserted into a 
vertical pipe wherem (preferably) the flow is downward ^ A repre- 
sentative sample of the steam enters the tube and expands through an 
onfice 0 to the lower pressure existing m the calorimeter (usually 
atmospheric) The temperature and pressure of the steam m the 
calorimeter can be measured quite easily 

When the steady-flow equation is applied to the system described 
by Fig 6-7 for this Joule-Thomson expansion (Art 3-6e), 

In this throttling process W is zero and Q can approach zero by proper 
insulation, while the entering and leaving velocities can be equalized 
by proper selection of pipe sizes; accordingly, 

ha “ hf) 

^ This does not disturb the distribution of particles of water throughout the 
vapor to as great a degree as other positions of the pipe 


Now, if the fluid at state a passes 



cesa on hs diagram 
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Measuring U and ph enables hh to be determined from Steam Table 3 
Smce hh = hat measurement of pa or ta completes the information 
necessary to define the state of a that can now be located on a Molher 
diagram or determined by calculation 



Example 11 . Steam under a pressure of 150 psia enters a throttling calorimeter 
and emerges as superheated steam at atmospheric pressure with a temperature 
of 300 F What is the quality of the wet steam? 

Solution* The state of the steam at the outlet from the calorimeter can be 
determined from Steam Table 3 


Measured pi, — 14 696 psia (atmospheric pressure) 
= 300 F 


From Steam Table 3 


fu, = 1192 8 Btu/lb« 


The iiutial state of the steam is defined by 


Pb “ 150 psia 
h U92 8Btu/lb» 
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Steam Table 2 yields the saturated-liquid and -vapor values for 150 psia 

hf - 330 51 Btu/lb„ 
hf^ ^ 863 6 Btu/lb,„ 

and 

hb ~ hf Xhfg 

1192 8 - 330 51 + 2(863 6) 

X =» 0 998, or 99 8 per cent Ans 

The steam m the two-phase region is essentially dry 

The easier solution is to use the Mollier chart contained in the Steam Tables 
On this chart the final conditions of pressure and temperature can be located 
m the vapor region (as in Fig 6-6) Tracing a path of constant enthalpy from 
this point to the constant-pressure line of 150 psia locates the initial state in the 
two-phase region, and the quality can be directly read from the chart 


Sampling iube Onftce 



Fig 6-8 Ellison throttling calorimeter (Ellison Draft Gauge Co ) 

The calorimeter illustrated in Fig 6-8 reduces heat loss to a mini- 
mum by leading the exhaust steam into a jacket around the inner 
container wherein temperature and pressure are measured The 
outer shell of the calorimeter is filled with lampblack insulation to 
reduce heat losses from conduction and radiation further The normal 
correction for this calorimeter is zero. The normal correction is the 
number of degrees of temperature that must be added to the observed 
calorimeter temperature to compensate for unavoidable heat loss It 
is an empirical correction obtained by calibration of the calorimeter 
under conditions wherein the quality of the vapor is known 
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Throttling calorimeters are limited m use since it is essential that 
the steam leaving the calorimeter be superheated If the imtial steam 
is too wet, this condition cannot be fulfilled For accuracy it is desir- 
able for the steam leaving the calorimeter to be at least 5° superheated , 
otherwise, misleading results may be obtained 

Problems 

1 . Why do not the properties of pressure and specific volume define the 
state of a mixture at the triple point? 

2 . Explain the differences between the triple point and ice point 

8 . For the traverse or cycle made m Fig 6-1 hst the proper name for each 
process 

4 . Between states v and u in Fig 6-1 the amount of saturated vapor increases 
from 0 to 100 per cent Do the characteristics of this vapor change as the amount 
mcreases? 

6. a If steam has a quality of 0 8 and pressure of 100 psia, find the specific 
values for volume, enthalpy, and entropy 

6 Repeat but use mercury as the fluid (Appendix, Table V) 

6 . One pound of steam at a pressure of 100 psia is confined in a closed tank 
with a volume of 4 ft^ Determine the quality, enthalpy, and entropy 

7 . If the steam in Prob 6 is to be heated until the temperature is 500 F, how 
much heat must be added? 

8 . If the steam m Prob 6 is heated in a cylinder at constant pressure to 500 F, 
how much heat must be added? 

9 . Find the mean heat capacity of superheated steam at constant pressure 
from the saturated state at 150 psia to 500 F Repeat, using range from 460 
to 500 F 

10 a Saturated liquid at 100 F enters a pump and is reversibly compressed 
to 600 psia without transfer of heat How much work is done by the pump? 

h If the pump IS only 60 per cent as efficient as a reversible pump, how much 
work 18 done? 

c What IS the enthalpy of the fluid leaving the irreversible pump? 

11 . If compressed water from the pumps of Prob 10 enters a boiler where it is 
evaporated mto dry saturated steam that leaves at a pressure of 600 psia, find 
the heat transferred for both cases 

12 . Saturated water is isentropically compressed m a flow process from 100 F 
to a pressure of 800 psia Find the work necessary for this process from Steam 
Table 4 and also by an approximate formula 

In the following problems j the work for compressing water can he determined by 
an approximate method 

18 Feed water enters a steam boiler at 120 F while the steam leaves at 1,000 
psia and 98 per cent quality Fmd the heat transferred 

14 . a A pound of saturated steam at 250 psia pressure is cooled at constant 
volume until its pressure falls to 100 psia Determine the amount of heat trans- 
ferred and the change in entropy 

b Repeat, using carbon dioxide as the fluid (Appendix, Fig III) 

10 . Three pounds of steam are processed m a closed and rigid container from 
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Pi ■■ 14 7 psia and Ti •* 300 F to Ta « 100 F. Find pa, Q, and W, and sketch pv 
and Tb diagrams for the change 

16* Water, at the rate of 1,000 lb* mm“^, is to be heated from 60 to 200 F m 
a closed feed-water heater (water passes through cods surrounded by steam) 
The exhaust steam passmg around the heater coil is mitially at a pressure of 
15 psia and contains 10 per cent moisture and leaves as saturated water 
o How much steam is required per hour? 

h What 18 the change m entropy for the steam and for the water? 
c Sketch Ts diagrams to illustrate the processes experienced by the hquid 
and the vapor 

17- In the inlet pipe to an ideal turbme the steam is at a pressure of 160 psia 
and a temperature of 400 F The exhaust is at 80 F while the rate of steam flow 
18 1,200 lb„ hr-i 

a Determine the work done per pound of steam. 
b Calculate the horsepower developed 

18. o Saturated steam at 150 psia enters a long pipe and leaves with a pres- 
sure of 144 psia If no heat is lost by unavoidable radiation, etc , find the quahty 
of the steam at exit 

h If 10 Btu of heat are lost per pound of steam by radiation, etc , what will 
be the quality? 

18. a Steam at 100 psia and 60 per cent quahty receives 350 Btu lb“^ of heat 
while the pressure remams constant Determine the resultant properties of the 
steam 

b Repeat but use methyl chloride as the fluid and add only 50 Btu lb“^ of 
heat (Appendix, Fig IV) 

20. a A container with volume of 10 ft^ (ontams saturated steam at 100 psia 
Determme the mass of steam within the tank 

b Repeat but use methyl chloride as the fluid (Appendix, Fig IV) 

21 a Saturated steam at 100 psia enters a perfect turbine and expands isen- 
tropically to 5 psia Find the work done by the turbine Check the calculations 
usmg a Molher chart 

b Determine the final state of the steam if the work obtained from an adiabatic 
but irreversible expansion process is only 80 per cent of that determined in (o) 

22. Repeat Prob 21, assuming that the limits are 150 psia and 500 to 60 F 

23. a Repeat Prob 21, assuming that the limits are 100 psia (saturated) to 
1 psia 

b Repeat, using mercury as the fluid (Appendix, Table V) 

24. a Saturated steam expands m a perfect nozzle from 150 psia to 40 F, 
Find the exit velocity if the imtial velocity is negligible Check the computations 
using a Molher chart 

6 Repeat, using Freon F-12 as the fluid (Appendix, Table XVI) 

25. Determine the heat that must be transferred to water initially at 60 F if 
the final temperature is to be 300 F and the process passes through a contmuous 
senes of saturated states (graphical solution as in Example 9) 

26. a Steam at 100 psia and 96 per cent quality is throttled to atmosphenc 
pressure Find the temperature after throttling Check the computation using 
a Molher chart 

b Repeat, usmg ammonia as the fluid (Appendix, Table XV) 

27. Steam at 150 psia is throttled to atmospheric pressure with consequent 
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temperature of 230 F. What was the quahty of the steam before the expansion? 
(Check computations usmg a Molher diagram ) If the normal correction is 5®, 
what will be the quality? 

28 . Repeat Prob 24 but assume that the imtial pressure is 100 psia 

22 . Repeat Prob 27 but assume that the initial pressure is 60 psia 

80 . If saturated water at 150 psia were throttled to atmospheric pressure, 
what would be the final quahty? 

81 . a Dry (saturated) steam at 100 psia enters a turbine and is throttled to 
60 psia m the steam chest Find the properties of the steam m the steam chest 

b Repeat hut use Freon F- 12 as the fluid (Appendix, Table XVI) 

82 . The pressure in a steam calonmeter similar to that in Fig 6-8 is 4 in Hg 
above the atmospheric pressure For steam initially at 100 psia, find the quality 
if the temperature in the calonmeter is 225 F 

88 For conditions similar to those of Prob 32 the normal correction is 5 F 
while the flow of steam is 1 lb™ sec”^ How much heat is lost per pound of steam 
by radiation, etc ? 

34 . Steam at 160 psia and 500 F is iso thermally and reversibly expanded in a 
cylinder until the pressure is 100 psia Determme the work and heat transfers 
for this process of a closed system 

35 . a Steam at 150 psia and 500 F is expanded in a perfect nozzle to 3 psia 
Find the final velocity if the initial velocity is 30 ft sec“^ 

h The high-velocity stream is slowed down in a perfect diffuser until the 
pressure is 100 psia Determine the condition of the steam leaving the diffuser 

36. Saturated steam at 180 psia and 30 ft sec“^ velocity undergoes an irreversi- 
ble but adiabatic steady-flow process to a pressure of 100 psia, quality of 90 per 
cent and final velocity of 10 ft spc“^ (a) Determine the work transferred and the 
change in entropy (6) Repeat, using mercury as the fluid (Appendix, Table V) 

37 Repeat Prob 36, but assume that the process is reversible and the final 
conditions are 100 psia and unknown quality 

38 Air at 100 atm pressure and 350 R is iscn tropically expanded to 10 atm 
pressure Find the change in enthalpy, the work that can be done, and the 
quality (Use Fig II, Appendix ) 

39 a Air at 30 atmospheres pressure and 500 R expands m a throttling 
calorimeter to a pressure of 1 atmosphere What will be the final temperature? 
(Use Fig II, Appendix) 

b Repeat, usmg carbon dioxide as the fluid (Appendix, Fig III) 

40 . Steam at 5 3 psig and 300 F enters a steam-heatmg radiator m a room 
The hquid leaving the radiator is saturated Determme the steam required m 
pounds per hour if the heat exchange between the radiator and room is 15, (XK) 
Btu hr-i 

41 . Steam flows through a superheater at the rate of 1,000 Ibm hr^i At 
entrance to the heater p =» 240 psia, x = 100 per cent, at exit from the heater 
p « 200 psia and t « 480 F Determme the heat transferred, and show the 
process on pv and Ts diagrams 

42 Steam flows through a nearly closed valve m a honzontal msulated pipe 
of 10 m inside diameter Upstream from the valve the pressure is 400 psia, 
downstream the pressure is 50 psia and the temperature is 300 F The flow rate 
is 6 97 Ibm hr"*^ Determine the transfers of heat and work, the initial temper- 
ature, and the change m entropy, and show process on pv and Tb diagrams 
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Symbols 

c heat capacity 

F Fahrenheit scale 

f function 

G gas phase 

Qc dimensional constant for engineering system ^32 1739 

h enthalpy per unit mass (specific enthalpy) 

L liquid phase 

m mass, also, mass flow rate 

p pressure 

Q heat 

S solid pha^e 

a entropy per unit mass (specific entropy) 

t thermodynamic temperature 

T absolute thermodynamic temperature 

u internal energy per unit mass (specific internal energy) 
t; specific volume 

V velocity 

W work 

X quahty 

^ closely equal 

Subscripts 

f force, saturated hquid 

jg change from saturated liquid to saturated vapor 
g saturated vapor 

ison isentropic 

w mass 

p constant pressure 

rev reversible 

X state where quality is x 


Suggested References 

1 Matthews, C S , and C 0 Hurd Thermodynamic Properties of Methane, 
Trans Am Inst Chem Eng , 42 (No 1), 55-78 (Feb 25, 1946) 

2 Keenan, J H , and J Kaye “Thermodynamic Properties of Air,”i John 
Wiley & Sons, Inc , New York, 1945 

3 National Bureau of Standards “Ammonia,^'* Circular 142, April 16, 1923 

4 Williams, V C Air at Low Temperatures,® Trans Am Inst Chem Eng , 
39 (No 1), 93-111 (Feb 25, 1943) 

5 Quinn, E L , and C L Jones “Carbon Dioxide,”^ Reinhold Publishing 
Corporation, New York, 1936 
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CHAPTER VII 

CHARACTERISTICS OF GASES 


Although thermodynamics does not need to inquire into the ultra- 
microscopic nature of a substance, the engineer can better understand 
the behavior of gases by considering the molecular activity By so 
doing, a theoretical basis may be found for the yvT relationships of a 
gas, although the usual equations have been empirically modified to 
correspond more nearly to experimental data 

7-1, The Idealized Gas. A simple gas can be visualized as a space 
cont^ming a number of molecules that have velocities ever changing 
because of collisions Each molecule will consist of one or more atoms 
and contain or have associated with it a quantity of energy. This 
energy will be comprised of kinetic energy of translation of the mole- 
cule, of rotational and vibrational energy from motion of the atoms, 
and of potential energy arising from intermolecular forces For there 
must exist forces of attraction or repulsion between the molecules, and 
these forces constitute a potential form of internal energy All these 
types of internal energy bear a definite relationship to each other for 
each definite state of the gas As the molecules move about in space, 
they collide with each other and interchange energy although the 
exact nature of the intermolecular collision can only be surmised 
Whether or not a collision occurs will depend on the distance apart and 
the law of attraction between molecules The gas can be made indefi- 
nitely rare to minimize the effects of such collisions, or near collisions, 
on the observed properties of the gas, and, by so doing, a limiting 
condition is approached by real gases where the behavior is unaffected 
by the presence of other molecules Since all gases can approach this 
limit, it IS considered to be an ideal or perfect state In this perfect 
state the molecules behave as elastic spheres in a conservative mechani- 
cal system 

A perfect or ideal gas can be proposed as a standard of comparison for 
real gases This idealized gas will exhibit two characteristics (1) all 
force interactions between molecules will be absent; and (2) the aggre- 
gate size of all molecules will always be negligible in comparison with 
the size of the confining space To satisfy the first condition, the 
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distribution of internal energy must be in forms entirely independent 
of the presence of other molecules of the perfect gas or, for that matter, 
of the presence of any other material body. To satisfy the second 
condition the size of the molecules of the perfect gas must approach 
zero, at least for conditions of high density. 

7-2- The Perfect Gas : Pressure. When a molecule of perfect gas 
undergoes a collision, it behaves as a perfectly elastic sphere. Thus, 
when a molecule strikes the walls of the enclosing vessel, it rebounds 
without loss of velocity and exerts, for a brief instant, a force (impulse) 
on the wall. The continuous bombardment of the walls by the many 
molecules creates a constant pressure that is held in restraint by the 

vessel 

Consider a cube, with length of side Z, 
that contains n' molecules of individual 
mass m Suppose one of these molecules 
has a velocity V with components 
and F, in directions X, F, and Zj as illus- 
trated in Fig 7-1 When this molecule 
strikes and rebounds from a wall of the 
cube, the component of velocity perpendic- 
ular to the wall is reversed in direction 
although the components in other directions 
the impulse force in the direction X, for 
example, is equal to the change in momentum, which is measured by 
the product of the mass and the change in Vx* 

Impulse per collision = m{AVx) = 2mVx 

The molecule will cross the cube and return in the time 2l/Vx, hence, 
m 1 sec it will impinge on one wall of the container* 

y 

Collisions per second = ~ 

The force exerted on one wall of the container by one molecule is 

F, = (2mF.) ^ 




a molecule m space 

are not affected Thus, 


And for n' molecules with various velocities 
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Let (F'5 ),te be the average value of the squares of the velocities m the 
X direction for n' molecules 

F. 1 

For stability, the same force must be exerted on each wall of the cube 

Fy= Fu 

Therefore, 

= {VIU, 

This relationship and Fig 7-1 show 

(F2).^ = (FJ)... + (FJ)av. + (F^).^ = 3(F|).v. = 3(FJ).v« = (SFJ).,, 
Hence, 

f m) 

t ;av* 

The pressure is found by dividing the force by the area 
V 12 3^3 


and, for n molecules per unit volume (n = n' 11^), 

p = imn(F2).vg (a) 

The product mn is, by definition, the density or mass per unit volume 

V = 

pv = i(F2).vg (b) 

Suppose that two different gases are present in a mixture The 

molecules will differ from each other only m size and velocity The 

total pressure from the two gases will be the sum of the impacts from 
all of the molecules The same procedure as above can be used to sum 
up all momentum changes, which will be 


p = ^“ (F2).v, + (c) 

or 

Ptotai = 2 partial pressure of each component — pa + Pb (d) 

A statement of the above equation is known as DaltorVs law, and it is 
approximately true for real gases 

The pressure of a mixture of perfect gases is equal to the sum 
of the partial pressures which the component gases would exert 
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if each existed alone in the mixture volume at the mixture 
temperature. 

7-3. The Perfect Gas: Temperature. If a cold thermometer is 
inserted into a gas, the impact of the molecules will transfer energy 
to the molecules of the thermometer If the thermometer is hotter 
than the gas, the molecules stnking the thermometer will rebound 
with a greater velocity than before the impact. However, when the 
thermometer and gas have the same temperature, no net exchange of 
energy will occur How soon this equilibrium of temperature will be 
reached depends on the number of molecules striking the thermometer, 
that 18, upon the density of the gas The same temperature level will 
be shown no matter how low or how high the density vanes as long as 
the average kinetic energy of the impacts remains constant Similarly, 
if the temperature of some other gas is measured, the same temperature 
will be recorded when the average kinetic energies of both gases are 
the same Consequently, for equality of temperature between two 
gases a and b, 

(e) 

Equation (c) was for a mixture of perfect gases and can have but one 
temperature Substituting Eq (e) in Eq (c), 

P ^ or 6) (Efl or 6)»v«r(^a H" 

Comparison with Eq (d), 

p Pa + Pb 

shows that the partial pressure of a perfect gas depends on the number 
of molecules of that gas present in the mixture If both partial 
pressures are equal, then Ua = Uh This result is known Avogadro^ s 
hypothesis: 

Equal volumes of perfect gases under the same conditions of 
temperature and pressure contain equal numbers of molecules. 

It necessarily follows that the densities of perfect gases at the same 
temperature and pressure must bear the same relationship to each other 
as their molecular weights M, or 


and 


E} — 

P2 

Vz _ Ml 
Vi Mi 


(7-la) 


(7-16) 
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Consider a perfect gas confined m chamber A of Fig, 7-2, If the 
partition is removed, the gas will expand and fill the evacuated cham- 
ber B (Joule’s expansion, Art 3-2) The 
specific volume increases while the density 
correspondingly decreases and the pressure, 
of course, decreases Nothing in this opera- 

tion will change the average translational 
velocity of the molecules unless an attrac- 
tion between the molecules exists Because 
no such attraction exists for the perfect 
gas, the kinetic energy must remain constant and, therefore, the tem- 
perature will remain constant 


PetHihon 



1 FI 

1 X 1 

7 \ 

Oas 'prf^er ! E vacueitsa i 

pr^sure _j _ 

y' A \/ B 

7 


Fig 7-2. Joule’s free ex- 
pansion 


PiVi = J)2V2 = 


P2 


Vj, 

Vi 


t = C 


(f) 


This result is known as Boyle^s law 


The pressure and specific^ volume of a perfect gas are inversely 
proportional to each other under conditions of constant tem- 
perature. 


The free-expansion process was not only at constant temperature 
but also at constant internal energy, and this result is known as Joule's 
law. 


The internal energy of a perfect gas is a function only of 
temperature. 

7-4. The Perfect Gas ; The Thermodynamic Temperature. As the 

temperature of the perfect gas is increased, the velocity of the mole- 
cules IS also increased, and therefore the value of the pv product will 
progressively increase with temperature Hence, in the Boyle equa- 
tion, the product pv for each gas can have only one value at each tem- 
perature, and this value of pv is, in itself, a temperature It will be 
shown that the pv product differs only by a constant factor from the 
Carnot thermodynamic temperature 

Consider the cycle of an ideal gas, illustrated in Fig 7-3, that con- 
sists of two isothermal and two constant-volume processes Joule’s 
law shows that the decrease in temperature and internal energy during 

^ Or if the mass and the temperature are held constant, the pressure and volume 
are inversely proportional to each other 
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process 1-2 is exactly equal to the increase in temperature and internal 
energy during process 3-4 Because of this fact, such a cycle can be 
regenerated To do this regeneration an infinite number of reservoirs, 
each at a definite temperature, can be used to store the energy removed 
dunng process 1-2 Later m the cycle, these same reservoirs can be 
used to supply the equivalent amount of energy necessary for process 
3—1 The net effect of the regeneration is that heat is transferred to 
the system of cycle and reservoirs only at a constant temperature Ti 
during process 4-1 and, similarly, heat is rejected by the system only 
at a constant temperature during process 2-3 



The heat added to the cycle from an external reseivoir equals the 
work done during the isothermal process 4-1 


and 

where 

Hence, 


Q — W — Aw = 0 (Joule’s law) 
W ~ j pdv 

pv = constant (Boyle’s law) 

Qa = 1^4-1 = C / - = prv, In 

J V ^ ^4 


In the same manner the work for the isothermal process 2-3 and, 
therefore, the heat rejected by the cycle are 


Qr == 1^2-3 = ^2^2 In — 

The ratio of the heat rejected to the heat added is 

Qr _ p%V2 In Vz/v2 
Qa PiVi In Vi/Vi 
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But, from Fig. 7-3, 
Hence, 


Since in this regenerative cycle heat is added and rejected only at con- 
stant temperatures, and since all processes are reversible, then the 
thermal efficiency of the cycle must be equal to that of the Carnot 
cycle (Art 5-3) Equation (5-lo) shows that 


V2 = Vi 


-Qh ^ ^ 
Qa TiVi 


(g) 


~Qr _ ^ 
Qa ” 


(6-la) 


If Eqs (g) and (5-la) are combined, 


resulting in 


— Qr ^ 

Qa piVi 

PlVi ^ 

'T, T2 


I? 

Ti 


(7-2) 


This 18 the relationship between the product pv for the perfect gas and 
the Carnot thermodynamic temperature 

Equation (7-2) offers a practical method for determining tempera- 
tures on the absolute thermodynamic scale Hydrogen or helium, 
either of which can behave like a perfect gas, is used in either a constant- 
pressure or a constant-volume gas thermometer A constant-volume 
gas thermometer, as its name implies, consists of a constant-volume 
reservoir for the gas and apparatus to measure the pressure. For such 
a thermometer, Eq (7-2) can be applied to measurements made at the 
ice and steam points: 


Ti pivi 

^ ^ value found by test) 

2 = 459 69 F 

Measurements show this ratio to be 1 366, and, therefore, the absolute 
thermod 3 mamic temperatures can be calculated for these two reference 
points 
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7-6. The Perfect Gas : Equation of State. Equation (7-2) can be 
directly converted into an equation of state: 


P2V2 ^ T2 
P\V\ Ti 

pv = RT (7-3o) 


where /f is a dimensional constant that is a characteristic of the gas. 
Since 

_ volume _ V 
mass m 


then, 


pv = mRT 


(7-36) 


In this equation of state, the value of R will be different for each gas 
However, a universal gas constant can be found from Avogadro^s law 
Consider two gases with identical conditions of pressure, temperature, 
and volume* 


Vh Ma 

But, from Eq (7-3a), 

^ _ RgT/v _ ^ 
Vb ^ RbT/p Rh 

and therefore 

Va -Mb Rq 

Vb Ma Rh 

RaMa — RbMh — Rq 


(7-16) 


(7-4) 


where Ro is a universal gas constant [Values for Rq have been experi- 
mentally determined by tests on real gases at low pressures to simulate 
ideal-gas conditions (Table IV, Appendix) ] If this universal constant 
IS used in Eq (7-36) obviously it will be too large because of the multi- 
plying factor M This difficulty can be avoided by dividing the mass 
of gas by the same factor' 


vV = {R^a)T 

pV = nR,T (7-5) 

When this is done, a new unit of mass, designated by the letter n, is 
defined — the mole 



CHARACTERISTICS OF OASES 


183 


The mole is defined as a mass of matenaly of amount equal to the 
molecular weight For example, a pound mole of oxygen has a mass of 
32 0 pounds; a pound mole of carbon dioxide has a mass of 44 pounds 
Although the mole is a unit of mass, it should be remembered that the 
mole cannot be expressed in terms of other mass units unless the 
molecular weight is known The mole in any units will be designated 
by the letter n A pound mole will be designated by the abbreviation 
molCy while for other mass units a prefix will be used, as, for example, 
g-mole for the gram mole 

The mole is a peculiar mass unit in that 1 mole will have different 
amounts of mass for different fluids. The mole is a mass unit that 
contains the same number of molecules of one fluid as does a mole of 
any other fluid The mole unit is not restricted to perfect gases but may 
be used for solids ^ liquids, or gases For perfect gases the mole can be 
considered to be a unit of volume. For by Eq. (7-5), 

Y — '^RoT 

V 

and the volume of 1 mole of any perfect gas under the same conditions 
of pressure and temperature must be a constant 

Although the universal gas constant is here distinguished from the 
specific gas constant by a subscript, in the following pages the sub- 
script will not always be used For by Eq (7-3o) 

pv = RT 

and the specific volume v has units of 

volume 

V = 

mass 


If the mass unit is the pound (or gram), then R must be the specific gas 
constant, if the mass unit is the mole, then R must be the universal 
gas constant 


Example 1: Determine the dimensions and engmeering units for R m Eqs 
(7-3b) and (7-5) 

Solution : 


^ . lb/ ft lb/ in 

Engmeering units * or ^ 

iD-yn iDm xv 


(7-36) 


Engineering units 


lb/ ft lb/ in 

— ■ I — Qj* I i . I 

mole R mole R 


(7-5) 
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This example shows that no subscnpt is necessary to designate the two gas con- 
stants because both have the same dimensions (and the same reasomng shows 
that a new symbol n for the mole unit is illogical) Note that R can also be 
expressed in thermal units (Table IV, Appendix) 

Example 3 : 


Convert 1,545 

' R mole 


atm ft* 
^ mole R 


Solution: From Table I (Appendix) 


and therefore 


1 atm 


2,120 1 ^, 


or 2,120 


lb/ 

atm ft* 


1 5^5 ft-lb/ atm ft* 
^ R mole 27120 Jb/ 


0 730 


atm ft* 
R mole 


Aub 


Example 8 : (a) Determine the volume of 1 mole of air at standard conditions 
of p = 14 7 psi and f » 60 F. (6) What is the mass of this volume? 

Solution : 

a From Eq (7-3a) (value for Rn from Table IV, Appendix) 


RJ' 

V = — — 

P 

(10 73)520 
14 7 

■■ 380 ftVmoIe 

Whether or not this is the true answer will depend on how closely air is truly 
represented by Eq (7-3a) 

b The mass is 1 mole or 28 96 Ib^ (Table VI, Appendix) Arts 
Example 4 • Determme the density of nitrogen m engineermg units at ( onditions 
of p <= 20 psi and t = 100 F if the gas is considered perfect 

Solution : The molecular weight of mtrogen is 28 (Table VI, Appendix) From 
Eq (7-3a) 

pv « RT 

o »= 1 = _E- 
V RT 

20 

" ■ (^0 
« 0 0934 lb„/ft’ Ans 

7-6. The Perfect Gas : Internal Energy and Heat Capacity. The 

simplest perfect gas would have monatomic molecules For such a 
gas the internal energy would be entirely energy of translation Then, 
from Eq (b) m Art. 7-2, 

pv = 


Ro 


10 73 25 ^’ 
mole R 


Ans 


Also, 


pv = RT 


(7-3a) 
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and for unit mass^ 

= RT {h) 

The kinetic energy for unit mass is and this form of energy was 

assumed to be the entire internal energy or 


w = KE = 

By Eq (h) 

u = iRT 

and this is the value of internal energy for the monatomic gas 
enthalpy is defined 


(^) 

The 


h = ti + pv (2-6o) 

When Eq ( 2 ) and (7-3a) are substituted, 

h = ^RT + RT 

h = ^RT (j) 


and this is the value of enthalpy for the monatomic gas 

The heat capacities at constant volume and constant pressure have 
been defined (Art 4-7) as 

C =f^) c =[—) 

\dTj. \dTj„ 

For the perfect gas, u and h are properties dependent only upon 
temperature and can therefore be evaluated without regard to pressure 
or volume 

_ du _ dh 

~ df ^^~df 


When the values for u and h given by Eqs (^) and (j) are substituted, 
it IS evident that 


Cv = Cp = iR Cp — Cv — R 

Thus, the heat capacities are found to be constants — a result that 
could have been foreseen from the initial assumption that a change in 
mtemal energy is directly proportional to the translational energy 
The difference between Cp and c„ is always a constant for the perfect 
gas whether or not the heat capacities are constant 

_ dk du _ du + RdT du 
df df df dr 
Cp ^ Cu ~ R 

^ Since R is commonly expressed in either mechanical or thermal umts (Table 
IV, Appendix), equations involving R need not contain the conversion factor J 
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Another relationship that will be valuable in later work is the ratio of 
Cp to c. This ratio is designated by the letter k, and for monatomic 
perfect gases 


k 



= 5/2 
3/2 


^ = 1 666 


A famous theorem of classical mechanics, called the equipartiHon of 
energy y states that, when each part of the energy of a system is pro- 
portional to the square of a coordinate, then all such parts must be 
equal This theorem can be illustrated by the monatomic molecule 
that has a velocity component m three directions, x, and z (Fig 7-1). 
Since there are three degrees of translational freedom, the total kinetic 
energy is made up of three equal parts and each part can be assigned a 
value by Eq (i) 

The internal energy of complex molecules is distributed over degrees 
of freedom that are mainly associated with translational, rotational, 
and vibrational energies Although translational energy can con- 
tinuously vary in value, all other forms of internal energy are restricted 
to a senes of energy levels For example, consider a gas with molecules 
of two atoms arranged like a dumbbell At any temperature a certain 
percentage of the molecules will have a definite eneigy level although 
transitions into and out of such states are continuous At extremely 
low temperatures, the number of molecules possessing rotational energy 
will be small, and still smaller will be the number with vibrational 
energy Consequently, the average internal energy and aveiage heat 
capacity for the gas will approach the values for the monatomic gas 
because the internal energy will consist mainly of translational kinetic 
energy As the temperature is raised, however, more and more of the 
molecules are activated to a higher energy level with attendant rotation 
of the dumbbell molecule about two axes perpendicular to the axis of 
symmetry (two degrees of rotational freedom) If it is assumed that 
most of the molecules are in this state and that the internal energy is 
equally divided among the five degrees of freedom (three translational 
and two rotational), then for this perfect gas, 

7 5 c 

Cp ^ ^ 12 Cv ~ ^ 12 cp ““ Cv — R A* ^ ““ “14 


However, a fraction of the molecules are m the lower energy levels 
of no rotation, and another fraction are in the higher energy level of 
vibration For this latter condition the two atoms of the molecule can 
be considered to have a vibratory motion along the axis of the mole- 
cule. If the temperature again is raised, a state can be attamed where 
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most of the molecules possess translational, rotational, and vibrational 
energy The additional degrees of freedom are two, and, assuming the 
equipartition of energy, 

Cp = I /e c„ = Ir Cp- Cv = R it = ^ = 1 286 

Z A Cv 

For a three-atom rigid molecule there could be three degrees of 
rotational and three degrees of translational freedom 

Cp = |/2 = Cp - c, = R /(■ = - = 133 

These would be the classical values of the heat capacities for triatomic 
molecules at temperatures such that rotational energies were excited 
(but not vibrational energies) for all of the molecules 

Although for the individual molecule the transition from one state 
of excitation to another state is abrupt, it should be remembered that a 
gas consists of a tremendous number of molecules. The variation of 
heat capacity with temperature for a finite amount of gas is a smooth 
curve because the discontinuities of the individual molecule are a 
negligible part of the total variation. 

For the perfect gas, no assumption need be made as to the type of 
molecule Thus, m the general case the heat capacities of the perfect 
gas will increase with temperature but will be independent of pressure 
or volume. 

It IS evident from the above discussion that for the perfect gas 


du = CvdT 

(7-7) 

dh = CpdT 

(7-8) 

Cp ““ Cv — -R 

(7-9) 

and, by definition, 


II 

(7-10) 

where Cp and Cv can be constants or quite mvoltred functions of tern- 

perature From these last two equations it 

IS easily shown that 

kR 


k - \ 

(7-11) 

R 


k - \ 

(7-12) 

All the above values are based upon the perfect-gas criterion of 

zero potential internal energy arising from 

a force field around the 
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molecule. Such values can be approached by the real gas only at 
greatly reduced densities where the potential-energy effects, which the 
real molecule experiences, are minimized Thus, Cv = is the limiting 
value for all gases as the temperature approaches absolute zero.^ The 
heat capacities of the real monatomic gases are not affected by tem- 
perature because rotational and vibrational energies are absent for such 
simple molecules For real gases with more than one atom as the 
temperature is raised, more and more molecules enter a state wherein 



Temperafurc, absolute 

Fio 7-4 The effect of temperature on the Cv of gs&ea 


both translational and rotational energies are present, this transition 
occurs at low temperatures As the temperature is raised still higher, 
vibrational energy of the atomic nucleus will appear at about atmos- 
pheric temperature for most gases Because of these changes the heat 
capacities of real gases with more than one atom in the molecule 
increase with temperature for the same reasons as for a perfect gas. 
This variation is illustrated in Fig 7-4 However, for the real gas 
the effect of pressure on the heat capacity may be considerable (Fig 
I, Appendix). The difference between the heat capacities at constant 
pressure and constant volume for real gases is never less than R but 
may be much greater because of pressure 

Spectroscopic measurements on gases used in connection with 
relationships derived from quantum mechanics have made possible the 
accurate calculation of heat capacities at high temperatures (Table 
IIB, Appendix) The spectroscopic data as obtained are for gases at 
zero pressure, that is, with no molecular interaction in the gas. This 
condition of zero pressure is highly unreal for engineering application, 

^ But at absolute zero the heat capacity becomes zero 
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but it happens that for many cases the values at zero pressure can be 
used with little error (refer to Fig I, Appendix). For temperatures 
above 1000 F and pressures not exceeding 500 psi, the zero pressure 
values for the constant-pressure heat capacities in general are less than 
2 per cent low and may be used without correction The deviation 
becomes less as the temperature rises Carbon dioxide, among the 



Fig 7-6 The effects of temperature and pressure on the c„ of real gases (from Refer- 
ence 4) 

common gases, evidences a rather large variation At 1000 F and 500 
psi the true value for Cp is only 2 per cent higher than the zero pressure 
value; at 100 F and 500 psi the correct value is 14 per cent higher than 
the zero pressure value. The heat capacity at constant volume is 
affected even less by pressure, as illustrated in Fig 7-5 


Example 6: Determine the average heat capacity at constant pressure for 
nitrogen between temperatures of 1000 and 2000 R 
Solution : From Table llB (Appendix) for nitrogen, 


9 47 - 


3 47(10^) 1 16(10^) 


r 2000 r ^ 

/ 9 47 - 

yiooo L 


4 " j>i 

3 47(10>) 


+ 


1 16{10«)1 
j 


dT 


2000 - 1000 
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9 47(r, - r,) - 3 47(10») In - 1 16(10«) 

” iooo 

= 9 47 -2 41 +058 
— 7 64 Btu/mole K Arts 

A solution can also be found from the data in Table IIC (Appendix). Thus, the 
mean molal heat capacity for nitrogen between 32 and 1540 F is 

cpm - 7 381 Btu/mole R (Table IIC) 

and between 32 and 540 F is 


Since 


then, 


and 


Cpm = 7 034 Btu/mole R 

•1540F /*640F 


(Table IIC) 


riMOF /•1540F /*640F 

/ CpdT « / CpdT — / CpdT 

J540 F JZ2F JS2 F 


r 1640 F 

/ CpdT » 7 381(1540 - 32) - 7 034(540 - 32) « 7536 
JbAO F 


^\^40 F 

-11540 F _ j540F 
Jmof “ 1540 - 540 


= 7 535 Btu/mole R Ans 


This answer differs from that found in the first solution because the data of 
Table IIC are older and therefore probably less precise than the more recent 
equations in Table IIB Table IIC was included to illustrate a method of pre- 
senting mean values of the heat capacities 

7-7. The van der Waals’ Equation. It was assumed for the 
perfect gas that the length of path between collisions with the walls 
was not changed by the presence of other molecules Actually, as 
more and more molecules are present in a volume (as the density is 
increased), the number of times a molecule will strike the walls will be 
increased and a greater pressure will be exerted than that predicted by 
the simple theory In the year 1873 van der Waals premised that the 
increased pressure would be inversely proportional to the actual 
volume, that is, to the free space when allowance is made for the finite 
size and number of molecules 


PtwrfMt _ actual volume 
Pwtuai total volume 


PDerfect — p 




RT 

Pperfeot 

V 


But, also, 
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and therefore 



where 6 is a constant for each gas 

The second basic assumption for the perfect gas was that the 
molecules were neither attracted nor repulsed by the other molecules 
present In the real gas a force field exists around the molecule As 
the density increases, the molecules approach closer to each other and 
exert an increasing cohesive force of attraction until, in the limit, the 
molecules cling together to form the liquid phase The pressure that a 
gas can exert is less than some ideal value by an amount equal to the 
restraining pull of the other molecules Van der Waals assumed this 
decrease or potential energy to be proportional to the square of the 
density. He proposed adding a factor a/v^ to the kinetic pressure to 
account for this restraint The final corrected equation of van der 
Waals is 

(p + ^ (7-13a) 


Here a and b are constants for the particular gas This can be written 
Total pressure = kinetic pressure — potential pressure 


RT __ a 

V — b 


RT 


(p + 


(7«136) 

(7*13c) 


The calculation of temperature or of pressure can be readily made 
from the van der Waals’ equation, but calculations of specific volume 
must be made by successive approximations For this reason the 
equation is said to be explicit only for temperature and pressure 
The corrections that are made by the constants a and h can be more 
clearly understood by examining Eq (7«136) Note that the two 
terms, one containing a and the other b, on the right-hand side of the 
equation oppose each other in effect Since b corrects the equation for 
the finite size of the molecules, the value of 6 must be of the same order 
of magnitude as the volume of the liquefied gas. For this reason the 
effect of b to increase the pressure predicted by van der Waals’ equation 
is small at low and medium pressures where the value of specific 
volume is large However, at high pressures the specific volume is 
small, and b will exert a strong influence on the pressure dictated by 
the equation The term a/y^ corrects the equation for the potential 
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attraction between the molecules, and this attraction is present at all 
pressures above zero but becomes more pronounced at high densities 
Hence, the term a/v’^ continually increases in value as the specific 
volume decreases, although the effect of the term on the pressure is 
quite evident even at low and medium pressures 

Note from Eqs (7-13) that the dimensions of a must be [FL^/M^\ 
and for 6, [L^/M] Values of a and b for several gases can be found in 
Table VIII (Appendix) 

Example 6: Compute, usmg van der Waals' equation, the pressure exerted by 
1 Ibm of CO 2 at a temperature of 212 F if the specific volume is 0 193 ft* lb“' 

Solution: Since Table VIII (Appendix) is in mole units, it will be easier to 
convert the specific volume to a mole basis (or change the constants m Table VIII 
by use of the factors listed in this table) Then, 

Table IV Table VI 

MCO.-44 

r - 0 193(44) 

= 3 492 ftVmole 

T = 672 R 

Equation (7-136) 

RT a 

^ ~ V - b V* 

0 73(672) 924 2 

" (8 492 - 0 685) (8 492)» 

- 62 9 - 12 8 
“ 50 1 atm 

Compare these two answers Which answer is correct can be determined only by 
experiment, although the van der Waals* answer should be, and usually is, more 
r eh able 

7-8. Van der Waals’ Isothermals and the Critical Point. If the 

pressure is plotted against specific volume for conditions of constant 
temperature, van der Waals^ equation will yield an odd senes of curves 
(Fig 7-6) called van der Waals’ isothermals. At high temperatures 
the curve approaches the hyperbolic curve for the simple gas because 
only one real root will be found for specific volume in solving Eqs 
(7-13) However, since Eqs (7-13) are cubic m u, three roots are 
possible, and at low temperatures all these roots are real Van der 
Waals^ isothermals in this region exhibit a rising and falling charac- 
teristic defg (Fig 7-6) An explanation for such behavior is apparent; 
since the equation has terms to correct for the effect of the size of the 
molecules, these terms become significant in the region of increased 
density, which corresponds to the two-phase region of Fig 6-3. A 
typical two-phase region is shown by the dashed curve in Fig 7-6 
terminating at c, the critical point, where the slope of the isothermal is 


a 

b 


Table VIII 

.924 2 5*2Vt 

mole* 

» 0 685 ft*/mole 


Equation (7-3a) 

_ RT _ 0 73(672) 
^ “ V “ 8 492 


57 8 atm 


Ans 
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zero. Obviously, van der Waals' equation cannot be used in the two- 
phase region since actually the pressure remains constant along an 
isothermal, but it is interesting to observe that the path of the equation 
approaches that of the real fluid Note that, as the specific volume 
approaches b, the pressure predicted by Eqs (7-13) becomes infinite. 

The critical point, however, is of particular interest. Here the 
tangent to the isotherm is horizontal at a point of inflection. At a 



point of inflection, the curve changes from concave upward to concave 
downward as at c and also at t and thus the tangent reverses the sense 
in which it turns This means that the derivative changes from an 
increasing to a decreasing function, or vice versa, and this requires 
the second derivative to become zero and change sign. The first 
derivative when set equal to zero will locate points where the tangent 
becomes horizontal — such as the critical point at c, the maximum at/, 
and the minimum at e The second derivative when set equal to zero 
will locate points of inflection such as those at c and i. Then, to 
locate the critical point, it will be necessary to find only the value for v 
that will satisfy both equations 
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(7-15) 


For the van der Waals’ equation, 

-RT_ 

by 


+ ??-0 


/ dp\ _ — ii 

\dv )t {v — 

^ 2RT _ ^ ^ ^ 
\dv^/T {v — by 


When these are solved simultaneously, 

Vc = 

Tc = 


Vc — 36 
8a 


27bR 


(7-16a) 

(7-166) 


On substituting these values in Eqs (7-13) and solving for p, 


Vc = 


2762 


(7-16c) 


From these equations and measured values of Pc and Tc (which are 
easier and more accurately measured than Vc) the constants a and 6 can 
be determined 

a = — ^ (7-17a) 


64 p, 
1 RTc 

8 Pc 


(7-176) 


Some knowledge as to the validity of van der Waals^ equation can 
be found by computing what is called the critical ratio Vc 


^ _ VcVc 

^ RTc 


(7-18) 


When the critical values for van der Waals’ equation m terms of a and 
6 are substituted in Eq (7-18), 

rc = |f; = 0375 


For the simple-gas law obviously 


re = 10 

Values for the critical ratio are listed in Table VII (Appendix) An 
average value for many gases is about 0 27 Hence, the perfect-gas 
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law will be far in error if applied to gases that are in a state at or near 
the critical point, while van der Waals^ equation will at least approach 
the true conditions 


7^9. Other Equations of State A great number of equations of state have 
been proposed Some of these equations were derived on the basis of the kinetie 
theory of gases while others were adapted to fit observed data The more famous 
of such equations will be discussed here 
Dietenci (1899) 


V 


RT 

V — b 


g-a/RTv 


(7-19) 


The constants a and b are evaluated m the same manner as shown in Art 7-8 


In terms of these constants 


a 

b 


4mTl 

PcB^ 

RTc 

pcB^ 


_ a 


Vc = 2b 



r. = 0 27 


Note that the value for the Dietenci critical ratio is equal to the most usual value 
for gases 

A revised^ form of the Dietenci equation has the term RTv replaced by 
and it reproduces quite well the experimental data for fluids in the neighborhood 
of their critical temperatures (Fig 7-7) 

Onnes (1901) 

pv^A+j + ^,+ (7-20) 


This equation is of historical interest and represents probably the first ''open'' or 
senes form of the equation of state Usually, the senes is in powers of either 
specific volume or pressure and the coefficients A, B, etc , are called the first, 
second, etc , vinal coefficients These coefficients are functions of temperature 
and not constants 
BertheloC (1903) 


_ RT ^ 


(7-21) 


The constants o and b are evaluated 


a 


b 


27 R^Tl 
64 pc 
I RTc 

8 po 


' Reference 1 
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In terms of these constants 

( 1 „ /8abR\i 

P' “ 1^6 "rj 

The Berthelot equation is a modified form of van der Waals’ equation, and it is 
recommended^ for use at temperatures considerably above the critical temperature 
of the gas in question (Fig 7-8) Note that the Berthelot and the van der Woals^ 
critical ratios have the same value 
BeaUie-Bndgeman (1928) 

p - RT (— H) («- + 5) - f, (7-22) 

where A - A. (l - B - (l - 

This equation is the most accurate of the equations presented m this section 
The constants were empirically selected to enable the equation to portray the 
known experimental data on many fluids (Table VIII, Appendix) The Beattie- 
Bndgeman equation can be rearranged into a form similar to the Onnes equation 

7-10. Compressibility Factors, The perfect-gas law can be 
extended to define more exactly the state of a fluid by use of a com- 
pressibility factor Z where 

pv = ZRT (7-23) 

The factor Z is an empirical correction factor to align the observed data 
into the form of a simple equation Such an equation can be used only 
as a point equation because Z is not a constant but an unknown 
function of both temperature and pressure 

In Fig 7-7 the values of Z for carbon dioxide and ethylene are 
plotted against pressure for a temperature of 0 C At this temperature 
carbon dioxide and, also, ethylene are liquids, except under relatively 
low pressures, and both fluids are close to their critical temperatures. 
Values of Z, shown in Fig 7-7, were obtained from experimental data 
and also from three of the equations of state 

In Fig. 7-7 note that Z is 1 0 at zero pressure, for at zero pressure 
the volume is infinite and the fluids behave as perfect gases (pv = RT) 
As the pressure is increased, the volume will rapidly decrease, because 
the fluids are near the two-phase regions of high density (note Figs 
6-1 and 6-3) and the effect of molecular attraction is considerable 
If the temperature were the critical temperature instead of 0 C, the 
curve for each equation of state would descend to the critical ratio 
dictated by the form of the equation. As the pressure is increased to 

^ Reference 1 
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Pressure, atmospheres 


ih) 

Fig, 7.7 Behavor bf flmds near the critical temperature from experimental data and 
as predicted by equations of state (from reference 1) (o) Ethylene at 0 C ■* 9 6 C, 

Pc « 50 7 atm) (6) Carbon dioxide at 0 C (<c 31 C, Pt; *■ 73 atm) 
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still higher values, the volume cannot change as rapidly as before 
because the finite volume of the molecules is an increasingly larger 
fraction of the total volume This is shown by the experimental 
curve for carbon dioxide Since this fluid, for the temperature and 
pressure under consideration, is in the liquid state, it is relatively 
incompressible, and, in the high-pressure region, Z is closely propor- 
tional to pressure 

When the entire range of pressure in Fig 7-7 is considered, it is 
noted that the Dietenci equation reproduces best the experimental 
data 

Figure 7-8 differs from Fig 7-7 in that the gases shown are at a 
temperature that is considerably higher than the critical temperatures; 
a region of high density is not attained until the pressure is high and 
the decrease in Z, evident in Fig 7-7 at low pressures, is largely avoided 

Inspection of Fig 7-8 shows that Berthelot’s and van der Waals' 
equations appear to fit the experimental data best at low and medium 
pressures 


Example 7: Determine the volume occupied by 1 Ibm of mirogen at a temper- 
ature of 32 F if the pressure is 500 atm 

Solution* For this temperature and pressure, Fig 7-8 shows the compressibihty 
factor to be 1 39 , hence, 


ZRT 139(0 73) (492) 
p ” 500(28) 


0 0357 n^/lhm 


Ans 


Note that the simple-gas law is 39 per cent in error 


7-11. The Law of Corresponding States. While it is entirely 
possible that for each fluid experimental data can be collected to 
develop either compressibility data or an equation of state, in many 
industrial cases such data are lacking Either to wait for the appear- 
ance of such information or else to spend the time and money necessary 
for the development of the data may not be feasible, and a close 
approximation to the properties of a fluid may be acceptable. 

All gases display characteristics that depend upon the location of 
the state on the pvT surface When the state is close to a two-phase 
region, the characteristics are far different than when the state is in 
the superheat region (compare Fig 7-7 and 7-8) Van der Waals 
premised that the characteristics of all fluids could be shown by an 
equation of state that was based upon corresponding states, A corre- 
sponding state means that the state of one fluid on its pvT surface is in 
relatively the same location as the state of some other fluid on a differ- 
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ent-valued jyuT surface. For example, if both fluids are at their 
respective cntical points, the two states are corresponding states 
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Fig 7-8 Behavior of fluids far above the cntical temperature from experimental 
data and as predicted by equations of state (from reference 1) (a) Oxygen at 0 C 

(fc <= —118 8 C, pc = 49 7 atm) (b) Nitrogen at 0 C (tc —147 1 C, pe = 33 5 atm). 

To reduce two different fluids to corresponding states, the properties 
can be expressed m terms of their cntical points The reduced proper- 
ties are 


_ _ £ r = — 


V 

Vr = - 
Vc 


(7-24) 

If two or more fluids have the same value for their reduced properties, 
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the fluids are said to be in corresponding states. However, the reduced 
volume is rarely used because the critical volume is diflScult to measure 
accurately. 

In some instances the critical properties are empirically changed 
before the reduced properties are calculated An empirically obtained 
critical property is called a psevdocntical property For example, 
Newton^ found that for hydrogen and hehum better correlation could 
be obtained with other fluids if 

Te' ~ Tc + 8 (Hydrogen and hehum only, ^ . 

Pc' = Pc + 8 for r in degrees Kelvin and ' ^ 

p in atmospheres) 

where the primed subscripts indicate a pseudocntical property 

7-12. Generalized Compressibility Factors. If the compressibility 
factors for various gases are plotted in terms of reduced pressure and 
reduced temperature, it is found that the data for most gases will 
correlate quite closely In Fig 7-9^ a series of reduced temperature 
curves for hydrocarbons are shown on a plot of Z versus reduced pressure 
The experimental data for 10 different gases are superimposed on this 
chart with an over-all average deviation for all fluids of the order of 1 
per cent 

Example 8 : Determine by means of Fig 7-9 the pressure exerted by 1 Ibm of 
COa at 212 F if the specific volume is 0 193 ft* lb~* 

Solution : Inspection of Fig 7-9 indicates that the solution must be made by a 
senes of approximations because both Z and p are unknown [Note, however, 
that there can be only one answer smce two relationships are available for the 
two unknowns These relationships are the generahzed Z chart or Z — fiprTr) 
and the definmg equation for Z or Z ^ pv/RT ] An approximation to the answer 
could be made by usmg the perfect-gas law, however, Example 6 for this same 
data gave p « 50 1 atm by van der Waals’ semiempirical equation 

From Table VII (Appendix) 

pc ■* 73 atm 
tc - 87 9 F 

Hence, 

T ^ ^59 7 + 212 

' Tc 459 7 + 87 9 ^ 

* Newton, R H Activity Coefficients for Gases, Ind Eng Chem , 27 (No 3), 
302-306 (March, 1935) 

’ Gooq-Jen Su Modified Law of Corresponding States for Real Gases, Ind 
Eng Chem , S6 (No 8), 803-806 (August, 1946) 
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From Fig 7-9 for these values. 


Z = 088 


FromEq (7-23), 


_ _ZRT _ (0 88)(0 73)(671 7) _ 
p-n; (i4)(o'i93i 


ThiB answer is more accurate than that found by van der Waals’ equation because 


Reduced pressure,/^ 

Fig 7-9 The generalised compressibility chart showing' data for vanous gases (Gouq-Jen Su Modified Law of 
Corresponding States for Real Gases, Ind Eng Chem , 38 (No 8), 803-806 August 1946) 
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Fig 7-9 IS known to represent CO 2 quite accurately 
answer is a very close approximation 


However, the van der Waals' 


In Fig 7-9 the generalized compressibility factor is shown to be a 
function of the reduced temperature and pressure It would seem that, 
if two gases are in corresponding states, both would have the same 
compressibility factor, yet this is not true, for by definition 


y _ pv 
^ RT 

and the law of corresponding states requires 


(7-23) 


V = VrPc 


T = TrTc V = V^c 


When these values are substituted in Eq (7-23), 

If two gases are in corresponding states, the value of the first term in 
this equation, pr^r/Try will be the same for both fluids The value of 
the second term pc^c/RTc is known from experimental data to vary 
widely for different fluids For example, consider steam and carbon 
dioxide These two fluids coi relate each other on the Z chart within 
2 per cent For the same corresponding states 


_ A OQO 

RTc ^ 

P^^^ ^ A OQ 

RTc ^ 

Difference = 0 048, or 


0 048 
0 28 


steam 

CO 2 

= 17 per cent 


Thus, when steam and carbon dioxide are in corresponding states 
defined by Eq (7-24), the values of the compressibility factors for 
these fluids will vary by 17 per cent Because of this, reduced- volume 
lines cannot be shown on Fig 7-9 unless an error of approximately 17 
per cent can be tolerated In other words, the generalized compressi- 
bility chart 18 more accurate than van der Waals’ law of corresponding 
states 

To remedy this difiSculty, a pseud ocritical volume called the ideal 
critical volume has been proposed'^ 


‘ Su, p 200, see also reference 3 
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IV = 


RT, 

Pc 


(7-26) 


With this pseud ociitical volume and the critical pressure and tempera- 
ture a modified law of corresponding states is defined 


and 



V,' 


Z 


ZRT/p ^ Tr 
RTc/Pc Pr 

PrVr’ 

Tr 


(7-27a) 

(7-276) 

(7-27c) 


(7-28) 


Equation (7-28) proves that two gases in corresponding states defined 
by Eqs (7-27) have identical values for their compressibility factors. 

With the aid of Eq (7-28) pseudoreduced volume lines tan be 
added to the generalized compressibility chart Figures VII and VIII 
(Appendix) are the result 


Example 9 A mole of methane has a specific volume of 2 2 ft* rnole”^ and a 
temperature of 515 R What pressure will be exerted? 

Solution * From Table VII (Appendix) for methane, 


Pc = 45 8 atm 
Tc = 343 9 R 


Tr 


Vr' 


L 

Tr 


PrV 


= 1 5 


515 
343 9 
45 8(2 2) 


0 73(343 9) 


0 40 


From Fig VII (Appendix) for these values, 

^ = 0 803 

and 

pr » 3 0 or p « PtPc - 3 0(45 8) 

= 137 atm Ans 

By the perfect-gas equation 

RT 0 73(515) _ ,,, 

p = i; 

Percentage error * 27 per cent 

Example 10: Outline the procedure to be followed to find the isothermal work 
of a nonflow process by use of the compressibility factors 
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Solution : For any fluid in a nonflow process 

Wr.. ivdv (k) 

The compressibility factor Z is defined 

pv - ZRT 

When the value of p is substituted in Eq (/c), 

Wr„ - j ZRT J 
The expansion is isothermal , hence, 

W.„ - RT f”' Z - (1) 

Jvi V 

This integration must be graphically performed because a function relatmg Z to v 
IS not available When Eq (/) is rewritten, 

W,„ - Rvj Zd(ln v) - RtJ Z dx 

where a; « In t; 

Suppose the mitial conditions of temperature and pressure are known Then, for 
these imtial conditions a value of Z and Vr' can be obtamed from Fig VII or 
VIII (Appendix) Several other values for these factors can be selected along 
an isotherm and at decreasing values for pr (for an expansion process) After 
converting the reduced value of volume to true volume, log v can be plotted 
against the correspondmg value for Z in the manner illustrated in Fig A The 
area under the curve in Fig A can be measured by a planimeter and then con- 
verted to the proper units This area multiplied by ET la the woik done (because 
the area is the fZdv/v) 



7-18. Generalized Equation of State. Although a generalized equation of 
state could be developed from Eqs (7-24), the validity of the Z chart mdicates 
that a more accurate equation^ can be developed from the modified law of corre- 
sponding states [Eqs (7-27)] To construct a generahzed equation of state in 
the form of van der Waals’ equation, substitute m the reduced Eqs (7-27) the 
values found for p* and Tc m Art 7-8, namely, 

a fp 8a 

P' ” 27b« ^ ' “ 27i)B 


• 8u, p 200 
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Thifl will give 


27!)* 27i)ie " “ 


These values can be substituted into van der Waals* equation 


and will result in 



(7-136) 

(7-29) 


This IS a universal equation with fixed constants that is applicable to all gases 
All terms of the equation will be exactly the same as van der Waals’ unreduced 
equation because the constants bear the same relationships to the critical pressure 
and temperature 

Problems 

The answers for these problems should be m the following units pressure, 
psia and atm, temperature, K and F, volume, ft® mole'' and ft® lb“^ Normal 
atmospheric pressure is 14 7 psia 


Perfect-gas Equations 
(Use Table VI, Appendix) 

1 . (a) The specific volume of a gas is 5 ft® Ib"^ determine the density 
(M * 30) (6) Determine the density of a gas if the volume is 20 ft®, mass is 

2 lb, and M is 20 

2 Repeat the derivation in Art 7-2, usmg the engineering dimensional 
system and gc 

8 Determine the density and specific volume of a gas if the volume is 400 ft*, 
the number of moles is 2, and Af « 40 

4 . If the pressure is atmospheric, determine the temperature of the gases in 
Probs 1, 2, and 3 

8 . A volume of 3 ft* of gas under atmospheric pressure has the pressure doubled 
while the temperature remams constant What is the final volume for the gas? 

6 Repeat Prob 5, assummg that the volume doubles while the temperature 
remams constant, and find the final pressure 

7 . A volume of 5 cu ft of gas at 200 F and 20 psia is expanded at constant 
pressure to a final volume of 10 ft® Determme the final temperature 

8 . If the gas m Prob 7 is air, how many pounds (and moles) are present? 
Repieat, assuming that methane is the fluid 

9. A pound of air at a pressure of 100 psia and temperature of 60 F is to be 
stored m a tank How large must the tank be? Repeat, assummg that methane 
18 the fluid 

10 . Repeat Prob 9, assummg that the mass umt is the mole 

11 . A tank contammg air at 60 psig and 60 F is exposed to the sun and absorbs 
radiant energy until the temperature is 130 F What will be the final pressure? 

12 . A 10-ft* tank contains air at 20 psia and 60 F. Air is pumped mto the 
tank until the pressure is 100 psia and temperature 150 F How much air was 
pumped mto the tank? 
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18. A 10-ft* tank containing 0 25 Ib^ of air at 60 F is connected to a sunilar 
tank that is at the same temperature but contains 0 50 Ibw, of air. Determine the 
resultant pressure 

14. A reservoir contains 100 ft^ of air at 1,000 psia and 100 F. Another tank 
IS filled from the reservoir to a pressure of 50 psia and temperature of 60 F while 
the pressure in the reservoir decreases to 900 psia and the temperature to 80 F 
What IS the volume of the tank? 

16. A tank contains air at a pressure of 100 psia and 60 F A pound of air is 
removed from the tank, and this causes the final conditions m the tank to be 
50 psia and 50 F What is the volume of the tank? 

16. In a steady-flow process air enters a system at 60 F and leaves at 200 F 
while 10 Btu Ib”^ of work is done by the system How much heat was transferred 
to the system ? 

17. In a nonflow process a mole of air is adiabatically compressed from p = 15 
psia and f = 60 F to a temperature of 200 F How much work was transferred^ 

18. In a non flow process 1 Ibm of methane at a pressure of 15 psia and a tem- 
perature of 80 F 18 compressed to 300 F while 10 Btu moIe“^ of heat is removed 
from the system How much work was transferred? 

19. In a nonflow adiabatic process, work is transferred to a system, of amount 
10 Btu Ib”^, while air is compressed from t = SO F and p = 15 psia to p = 100 psia 
What will be the final temperature? 

In the following problems, use the hoat-capacity equations of Table IIB 
(Appendix), 

20. Repeat Prob 11, Chap IV 
21 Repeat Prob 12, Chap IV 
22. Repeat Prob 13, Chap IV 

28 Repeat Prob 14, Chap IV 
24. Repeat Prob 15, Chap IV 
26. Repeat Prob 16, Chap IV 
26. Repeat Prob 17, Chap IV 
27 Repeat Prob 18, Chap IV 

Perfept and Imperfect Gabes 

26. Compute, using van der Waals^ equation, the pressure exerted by 2 lb„ air 
at 100 F if the volume is 30 ft^ Compare the answer with that found from the 
perfect-gas equation 

29 Repeat Prob 28, assuming that methane is the fluid 

30. A pound of carbon dioxide has a volume of 0 15 ft^ and a pressure of 
100 atm Compute the temperature, using van der Waals’ and the perfect-gas 
equations 

31. Repeat Prob 30, assuming that methane is the fluid 

32. Compute, using van der Waals' equation, the volume occupied by 1 lb» of 
COa at p = 4,000 psia and ^ * 200 F, and compare the answer to that found by 
the perfect-gas equation 

83. Determine the volume occupied by 1 Ibm of COa at a temperature of 100 F 
and pressure of 1,000 atm (compressibility chart, Fig VII or Vlll, Appendix) 

84. Repeat Prob 28, using the compressibility factor 
86 . Repeat Prob 29, usmg the compressibility factor 
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86 . Repeat Prob 30, using the compressibility factor 

37, Repeat Prob 31, using the compressibility factor 

38. Repeat Prob 32, using the compressibility factor 

89 Evaluate the constants a and b in the Dietenci equation to check the 
values given in Art 7-9 

40. Repeat Prob 39, using the modified equation 

41. Expand the Beattie-Bridgeman equation by inserting all terms and show 
that it IS a form of the Onnes equation 

42. Repeat Prob 39, using the Berthelot equation 

43. Determine by the method of Example 10 the nonflow work necessary to 
compress carbon dioxide isothermally from 1,000 to 4,000 psia and at a temperature 
of 140 F 


a 

A 

h 

B 

e 

F 

F 

g-mole 

h 

k 

K 

KE 

m 

mole 

M 

f\! 

n 

P 

Q 

r 

H 

H 

Ho 

t 

T 

u 

V 

V 

W 

z 

Z 

A 

avg 

B 


Symbols 

constant 

constant 

constant 

constant 

base of the natural logarithm, also, a constant 
force 

degrees Fahrenheit 
gram mole 
enthalpy (specific) 
ratio of Cp to Cv 
Kelvin temperature scale 
kinetic energy 

mass, also, mass of one molecule 
pound mole 
molecular weight 
number of molecules 

number, also, number of molecules per unit volume 

pressure 

heat 

ratio 

degrees Rankme 

universal or specific gas constant (mechanical or thermal units) 

universal gas constant (mechanical or thermal units) 

thermodynamic temperature 

absolute thermodynamic temperature 

mternal energy (specific) 

volume, also, velocity 

specific volume 

work 

distance 

compressibility factor 

Subscripts 

added, also, gas A 

average 

gas B 
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c cntical state 

c* pseudocntical state 

constant pressiire 
rejected 
r reduced property 

r' pseudoreduced property 

V constant volume 

X coordinate direction 

y coordinate direction 

z coordinate direction 

Greek Letters 

p (rho) density 

X (sigma) summation 

Suggested References 
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2 Dodge, B F “Chemical Engineermg Thermodynamics/' Chap 5, McGraw- 
Hill Book Company, Inc , New York, 1944 

3 Weber, H* C “Thermodynamics for Chemical Engineers," Chap 8, John 
Wiley A Sons, Inc , New York, 1939 

4 Ellenwood, F O , N Kulik, and N R Gay “The Specific Heats of Certain 
Gases over Wide Ranges m Temperature and Pressure," Cornell University 
Bulletin, No. 30, October, 1942 
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CLASS ASSIGNMENTS 
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CHAPTER VIII 

APPROXIMATE CALCULATIONS FOR REAL GASES 


The concept of a perfect gas represents a limiting state that can be 
approached but not attained by any real gas However, m mechanical 
engineering many of the processes are conducted at such pressuies and 
temperatures that the perfect-gas laws can be used as a simple and 
reasonably close approximation to the behavior of the real fluid This 
is especially true when the medium is air, since at normal atmospheric 
temperatures the error in this approximation to the true equation ot 
state IS of the order of 1 per cent at 300 psi and 0 1 per cent at atmos- 
pheric pressure At higher temperatures the error becomes progres- 
sively smaller 

8-1. Relationships for Real or Perfect Gases. Because of the 
number of relationships that will be developed in this chapter, it may 
be desirable to summarize here those relationships that were previously 
developed for cither real ot ideal fluids As a result of the first two 
laws and for either flow or nonflow processes, 

Q -W ^ de (3-1) 

Tds = du + pdv (5-1 4a) 

Tds = dh — vdp (5-146) 

and, with the restriction that the process must be reversible, 


= j Tds 


(5-5) 

TFrev = fpdv 

no&flow ^ 


(4-1) 

= f pdv — 

Steady flow 

AFE — AKE ^ j ^dp — AKE 

(4-3) 



(5-4) 

while, by definition of the heat capacity (for reversible or irreversible 

processes) 

dh\ = CpdT 

(4-6) 


du = CvdT 

Jv-C? 

(4-7) 
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and for reversible processes 


dQr^ = t^T (4-5) 

All the above equations are for unit mass of fluid 

8-2. Relationships for the Perfect Gas, Upon the structure of 
general equations listed in Art 8-1, certain restrictions can be placed 
to obtain the simple relationships for the perfect gas. Such a gas will 


obey the following equations 

pv 

V\Vi 

T, 

du 

dh 

Cp Cv 

k 

Cp 

Cv 


RT 

(7-3a) 

V2V2 

T, 

(7-2) 

CvdT 

(7-7) 

CpdT 

(7-8) 

R 

(7-9) 

Cv 

(7-10) 

kR 

k - 1 

(7-11) 

R 

k - 1 

(7-12) 


System equations can be developed for perfect gases by substituting 
Eqs (7-7) and (7-8) in Eqs (5-14a) and (5-146) 


Tds = CvdT + pdv 

(8-1) 

Tds — CpdT — vdp 

(8-2) 

From these equations and Eq (7-3a) 

, _ dT j^dv 
ds — Cv R 

1 V 

(8-3) 

, dT j^dp 

ds = — R — 

1 p 

(8-4) 

The equation of state can be differentiated and divided by the 

temperature T and gas constant R 

pdv vdp RdT 

RT^ RT~ RT 
or 

do dp _ dT 

V ^ p ~ T 

(8-6) 


With this relationship and Eq (7-9) substituted in either Eq (8-3) 
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or (8-4), 

+ ( 8 - 6 ) 
r P 

For simplicity of presentation^ the heat capacities will be con- 
sidered, most often, to be constants 

8-3. Constant Volume and Constant Pressure Processes. The 
equations listed and developed m Art 8-1 and 8-2 furnish adequate 
information for finding more restricted expressions for the special 
processes at constant volume and constant pressure The procedure 
to be followed (but not answers to be memorized) will be illustrated 
here From Eq (7-2) 

PlVl ^ p^ 


Constant Volume 

Constant Pressure 

^ = ^ and 

= -TTT and. — = 

Ti Ti p2 n 

Ti ^ V2 T2 

The work of the reversible process 

18 found by Eq (4-1) or (4-3). 

Constant Volume 

Constant Pressure 

Wrev = f pdv = 0 

nonflow ^ 

= f pdv = p{vi — Vi) 

nonflow ^ 

because dy = 0 

because p = C 

IFrev = ” fvdp — AKE 

flow » 

TF„. = - f vdp - AKE 

flow » 

II 

1 

1 

1 

> 

= - AKE 

because v = C 

because dp = 0 

The heat transfer for the reversible process is found by Eq (4-5) 

or from Eq (8-1) 


Constant Volume 

Constant Pressure 

Qrev = j Tds ~ j CvdT 

Qrov = ^ Tds = jcjjdT 

and, if the heat capacity is considered to be constant, 

Qrev — Cv{T 2 — T l) 

= c^iTi - Ti) 

The change in entropy for the reversible or irreversible process 

18 found from Eq (8-3) or (8-4) or 

from Eqs (5-4) and (4-5) 

Constant Volume 

Constant Pressure 


dT . dT 
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and, if the heat capacity is considered to be constant, 


As = Cv In 


T, 


As = Cp In 




Example 1: A mole of gas at a pressure of 500 psia undergoes a constant- 
pressure nonflow process with the temperature changing from 1000 to 1100 R 
What IB the maximum amount of work that can be obtained from this expansion 
process? 

Solution The maximum work is the reversible work 

Wtbv “ fpdv = p{v 2 — vi) ft lb//lbm (a) 

At any state 

pv = RT 

and upon substitution in (a) 

TFrev]p-C = R{T2 - Ti) 

The units for work will depend on the units selected for R (Table IV, Appendix) 

Wr^ = (1 986 Btu/mole R) (1100 - 1000)R 

= 198 6 Btu/mole = 154,500 ft ]b//mole Ans 

Example 2 ; One pound of nitrogen at a temperature of 40 F is confined in a 
constant-volume container, heat is added, and the pressure increases from 20 to 
40 psia How much heat is transferred, and what is the value for the change in 
entropy? 

Solution If the heat capatitv is assuni(*d to he constant, then, for a constant- 
volume change, 

= Cr(T2 - T:) (a) 

Asl„_r = c. In ~ = c„ In ^ (b) 

i 1 pi 

while from the equation of state 


pi _ ^1 
P2 T 2 
20 460 + 40 

40 T 2 
T 2 = 1000 R 


From Table VI (Appendix) and Eq (7-9), 


Hence, 


Afvj ==28 Cp 0 246 Btu/lbm R Cp — Cp « 
Cv Cp R 

= 0 246 - = 0 175 Btu/lb„ R 


When these values are substituted in Eqs (o) and (b), 

0r.v],-c = c,{Tt - r,) = 0 175(500) = 87 5 Btu/lb„ Ans 

As = r. In p = 0 175 In 2 = 0 121 Btu/lb„, R Ans 
I 1 
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It wiU be better to remember only the basic formulas and to make substitutions m 
the general formulas for each problem In this problem a new equation could be 
derived 



which contains only known properties However, the student should not attempt 
to memorize and use such equations It will be better traming to develop such 
relationships as a part of each problem 

Example 3 : Repeat Example 2, but take into account the variation of heat 
capacity with temperature (Note that this will be the proper solution for a per- 
fect gas since the constancy of specific heat was adopted only for simphcitv of 
presentation ) 

Solution: From Table \\B (Appendix) and Eq (7-9) the heat capacity of 
nitrogen at constant volume is 

r. ^ .o. 3 47(10^) , 1 16(10«) 1 « 

€v ^ Cp — R ^ 7 484 ^ ^ 4- — ^ — - Btu/mole R 

The heat transferred is 

riooo 

Qrw]v-C — I CtdT 

J500 

= [7 484(7’2 - T,) - 3 47(10‘') In - 1 16(10'’) (^^ " J 

= 2497 Btu/mole 
= 89 2 Btu/lbm Ans 

The entropy change is 

As],^c ^ J X 

/•iooop7 484 3 47(103) , 116(10e)l^^ 

' jsoo L 7^ T 2 + 7^3 J 

= 7 484 In + 3 47(10=) (^^ " “ 58(10«) (|; 

= 5 185 - 3 47 + 1 74 
= 3 455 Btu/mole R 
= 0 123 Btu/Jbm R Ans 

Example 4; Assume that the fluid in Example 1 is carbon dioxide and van der 
Waals* equation will adequately portray the state of the gas Compare the answer 
found from this equation of state with the answer found from the perfect-gas 
equation 

Solution : Van der Waals^ equation is not explicit in v, hence, vi and Vi must be 
determmed by trial With constants from Example 6, Chap VII, 
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o - 924 2 atm ftVmole* 6 = 0 685 ftVmole R « 0 73 atm ftVR mole 

^ {v — b) r* 

0 73r 924 2 

“ (v - 0 685) V* 


For the given conditions of Ti = 1000 R and p « 500 psia or 34 atm, 


34 


730 

(v - 0 685) 


924 2 


(a) 


The volume of a perfect gas for the initial conditions can be found from pv ^ RT 
and 18 21 45 ft® mole~* The volume of the carbon dioxide should be of this order 
of magnitude When Eq (o) is solved by trial, the initial volume of COj is 

Vi — 20 9 ft®/mole 

In a similar manner, at 1100 R the volume of COa is 


V 2 = 23 2 ft®/mole 

and therefore 

H%ev]p-C “= p{V2 — Vi) 

- 500(144) (23 2 - 20 9) 

« 165,500 ft lb//mole « 213 Btu/mole 


A ns 


This answer is more nearly correct than the perfect-gas solution, and the differ- 
ence 18 

213 - 198 6 ^ 

Error ** =» 6 75 per cent Ans 

iSlo 

8-4. The Isothermal Process. The isothermal or constant-tem- 
perature process for the perfect gas is a process at constant internal 
energy and, also, at constant enthalpy as is evident from inspection of 
Eqs (7-7) and (7-8) Thus, in the absence of kinetic and potential 
effects the First Law when applied either to the isothermal flow or 
nonflow process shows 

Q^W = 0 

and 

Q “ JV iflow or nonflow (8-7 fl) 

J<iKE APE— 0 

The reversible transfer of heat cannot be evaluated from the heat- 
capacity equation [Eq (4-5)] because the change of temperature is zero 
and therefore the heat capacity must be infinite However, the work 
can be found by noting from Eq (7-2) that 

PiUi = P 2 V 2 = constant for the process 

C 
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and 

W^ = j pdv = C j ^ = ijr In = pr In (8-76) 

Equation (8-7a) shows the transfers of heat and work to be equal 
The change in entropy for the isothermal process can be found from 
either Eq (8*3), (8-4), or (5-4) 

= i? In - = i? In ^ (8-8) 

Jr-c Vi p 2 

Example 6 : A mole of gas at a pressure of 500 psia undergoes an isothermal and 
reversible nonflow process at 1000 R until the volume is doubled How much 
work and heat are transferred? 

Solution ; Equations (8-7a) and (8-76) show that 

er.v = Wr^]T.C = flr In ^ 

= 1 986(1^) In 2 
» 1377 Btu/mole Am 

and this value equals not only the work done by the system but also the heat 
added to the system 

Example 6 • Investigate the relationships between heat and work for a steady- 
flow and reversible isothermal process with kinetic-energy effects 

Solution: The equation for the work of a steady-flow process with kinetic 
effects IS Eq (4-36) 

Wrnv >= jpdv - AFE - aKE - -Jodp - AKE 
and for isothermal flow 

IFwIr— c = RT In — — {P2V2 “ piVi) — AKE 

PFp#v]r-c “ RT In — — AKE Am 

Vi 

The heat transferred is found by the First Law equation* 


and 


Q — TF ■* Aefio^ ™ Ah -h AKE 

(rT In - AKe) -t- AA + AKE 


Qrwlr-c = RT In— Ant 

Thus, m this isothermal-flow process the transfers of heat and work are not equal 
The same answer, of course, is found from the system equations (8-1) and (8-2)* 

0 ev • Tda - y pdv «■ RT In ~ 

Qr«v • j Tds “ ~ y ^ 
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Hence, for the isothermal process 

jpdv » —Jtxip 

because j>\Vi « P 2 V 2 or AFE *« 0 

Example 7 : For the same conditions as m Example 5, find the work that can be 
done by 1 mole of carbon dioxide m a nonflow process 

Solution: Assuming that van der Waals' equation will correctly show the 
relationships between pressure and volume in an isothermal process, 

TFrev = jpdv 

and 

— ® 

^ i; — 6 V* 

Hence, 

' dv 


Wr. 




111—6 

From Example 4 for these same conditions, 

Vi « 20 9 ft*/mole 7? = 0 73 atm ft®/R mole 

a « 924 2 atm ft*/mole* b *= 0 685 ft*/mole 


Hence, 


In 


Vi ~ b 41 8 - 0 685 


t/i — 6 

TFrov 


20 9 - 0 685 


= 1 96 


0 73(1000) In 1 96 + 924 2 


= 491 - 22 2 
« 468 8 atm ftVmole 
= 1271 Btu/mole Ans 

Smce carbon dioxide deviates considerably from the perfect-gas laws, the change 

in internal energy for the isothermal pro- 
cess 18 not zero, and therefore the heat 
transferred is only approximately equal to 
the work done 

8-6. The Polytropic Process. 

The processes of the perfect gas at 
constant volume, constant pressure, 
and constant temperature are illus- 
trated on the pv diagram of Fig 8-1. 
Smce each process traces a path on 
the pv diagram, it should be possible 
to find an equation that interrelates 
the properties of pressure and volume 
for all states encountered during the process Such a path equation has 
already been found for the isothermal process 

pv = C 



Fig. 8-1 Constant specific-volume, 
constant pressure, and constant tem- 
perature processes on the pr dia^am 
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Equations of similar form can be constructed for the constant-volume 
and constant-pressure processes . 

_L 

Constant volume pivf = P 2 V 2 = C or pi*vi = p 2 *t ;2 or Vi = 1^2 
Constant pressure piv\ = p 2 vl = C or pi = p 2 

A general path equation can be proposed of the form 

pv^ = C (constant) (8-9) 

where n == 00 for constant volume 

n = 1 for constant temperature 
n = 0 for constant pressure 
n = constant for other processes 

Since this equation involves only properties of the system (and does 
not involve the external effects of the system^ heat and work), it can 
be used for reversible and, also, for most irreversible processes [unless 
it IS impossible to define values for pressure and specific volume for the 
irreversible process (Art 4-4)] 

Equation (8-9) does not attempt to trace every possible process on 
the pv diagram between two particular states for this would require the 
exponent n to be a vai lable that could assume many values throughout 
the process However, by restricting n to a constant value, it is 
always possible to devise a path between any two states on the pv 
diagram (or, if desired, a series of paths) A process that follows the 
equation pv'^ = C is called a polytropic process unless some property 
remains constant during the process, and then it is assigned a name to 
show the constancy of the property — constant volume, isothermal, 
etc 


The pvT relationships between two states on a poly tropic path can 


be determined from the path equation pv^ 

= C and the e*quation of 

state pv = RT (which is a point equation) 

For any two states 

PiVi P2V2 Ti 

P 2 V 2 

(a) 

Ti T 2 Ti 

PlVl 

and either p or v can be eliminated by substituting 


= or = ( 

P2 Vl/ "2 ' 

<P1/ 

(b) 

to yield 



T 2 AiV"' 

T, W 


(8-10) 

^2 _ 

T, \pj 


(8-11) 
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The work for a nonflow polytropic process is determined in the 
usual manner. 

Wr^ = Spdv 

Substitution, from the path equation = C, of 


V = 


will give 




But the constant C = piv” = pjv? and upon substitution 


Wr„ 

noaflow 


_ p2t>2 — pit>i _ R(T2 — T i) _ RTiliTj/Ti) 1] 
1— n 1 — n 1 — n 

1 - n L\pi/ 

The work for a steady-flow process is 

Tr„v = [pdv - AFE - AKE 

steady flow *' 

and this will be found to be 


( 8 - 12 ) 




1 — n 
nR 

1 — n 


(pivt — piVi) — AKE 
(Ti - Ti) - AKE 




(8-13) 


[Note that Eqs (8-13) differ from Eqs (8-12) by the factor n and the 
term for kinetic energy, while the units for R determine the units of 
work ] 

These equations show that the work of compression or expansion is 
independent of the final conditions and depends on the initial tem- 
perature and on the pressure ratio (while no assumptions need be made 
as to the mechanical details of the compressor) The same amount of 
work is realized from a pressure ratio of 100 to 10 psia, 1000 to 100 psia, 
or 1 to 0 1 psia 

*An expression for the heat transferred during a reversible poly- 
tropic flow or nonflow process can be found from the system equation 
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(8-1). For simplicity the heat capacities will be considered to be 
constants 

Qrvr — J Tds = Cj,{T2 — 7^1) ”1” ^ 'pdv 

The Jpdv has been evaluated as Eq (8-12), hence, 

= c,{T^ - T{} + 

== [c.(l -n)+ R]{T, - Ti) 

\ — n 

When Eqs. (7-9) and (7-10) are substituted, 


(r^) (8-14) 

Comparison of this equation with Eq (4-5) shows that a polytropic 
heat capacity can be defined as 

(r^) (8-1^^ 

Note that the term c„ is a property for either the reversible or irreversi- 
ble process, but it can be used to determine the heat transfer only for 
the reversible process 

The change in entiopy for any polytropic process can be simply 
found from the above equation 



Example 8 : Air is compressed in a non flow process along a reversible polytropic 
path for which n is 1 3 Find the heat and work transferred if the initial pressure 
IB atmospheric at a temperature of 60 F and the final pressure is 125 psia 
Solution : For this polytropic process Eq (8-12) is applicable 




r^[(p,) ” ~^] (^-r=29) 

1545 ( 520 ) (■/ 125 y>« _ - ] 

29(0 3 ) L \14 7 ^ J 

- 69,100 ft lb/Ab„ An« 
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The heat transferred is found from Eq (8-14) 


Or.v = (Tj - Ti) 

= 0 171 - 520) 

where T, - T, (f;)^ = 64) = 853 R 

Qrev = — 19 0Btu/lbm AuS 

8-6. The Isentropic Process. The path equation for the reversible 
adiabatic process can be found from the polytropic equation (8-14) by 
noting that for the adiabatic process no heat is transferred 

= o = (r^) 

Since Cv and T 2 — Ti are not zero, k -- ii must be zero or 

n = k 

The equation for the isentropic path is thus 

pv^ = C (8-17) 

This equation can be readily verified from Eq (8-6) for the condi- 
tion that the heat capacities are constant 

ds = Cp — + — = 0 (8-6) 

V p- ^ ' 

Dividing by Cv and transposing, 

V p 

( ^ 

P\v^ = P2V^ = C (8-17) 

This equation does not restrict the process to be reversible For 
example, an irreversible expansion could be made to follow a constant- 
entropy path by transferring heat from the process to counterbalance 
exactly the increase in entropy from irreversibilities However, the 
probability of encountering such a process is remote; hence, the words 
constant entropy and iserUropic and the exponent k will be iised to denote 
only reversible processes 


which integrates to 


and 



APPROXIMATE CALCULATIONS FOR REAL GASES 


223 


The work of an isentropic process can be determined from the 
polytropic equations (8-12) and (8-13) by substituting k for n Similar 
substitutions can be made in Eqs (8-10) and (8-11) to find relation- 
ships between temperature, volume, and pressure for the isentropic 
process 

In the general case for the perfect gas the heat capacity is not a 
constant but is a function of temperature The path equation for the 
isentropic process with variable heat capacities can be found from 
Eq (8-3) or (8-4) by substituting the vanable-heat-capacity relation- 
ships Thus, from Table IIB (Appendix) the general form of Cv is 




When this value is substituted in Eq (8-3), 

+ + dT + Rj-O 

This integrates to 

A In ^ - 2 (^ - ^ 2 ^ + ^ In - = 0 (8-18) 

Solution of this equation for Tz can be best made by trial 


Example 9 • In a steady-fiow reversible process air enters the system at 440 F 
and 100 psia and leaves with pressure of 10 psia The process is adiabatic What 
18 the change in kinetic energy if the system does work of amount 50 Btu 
of air^ 

Solution : For the isentropic process, Eq (8-13) is applicable with k substituted 
for n 


Values for k could be selected from Table VI (Appendix), however, Fig lA 
(Appendix) enables a mean value of A: = 1 38 to be selected for a more exact 
solution 


AKE « - 


1 38(1 986)900 
(0 38)29 


(0 1 0 2755 _ 1) - 

Ibm 


Note that the units are determined by the gas constant Ry and these units are 
desired to be Btu lb;;;* or 


AKE » 104 - 50 « 64 Btu/lb« Ana 

8-7. Summary of Processes for the Perfect Gas. Comparison of 
the processes for the perfect gas can be made by observing the relation- 
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ships between the paths of these processes on the Ts and pv diagrams 
(Fig 8-2). In reproducing Fig. 8-2 it wiU be found convenient to draw 
first the constant-pressure process for which n is zero Then, the 
other curves can be drawn, noting that n increases from zero to infinity 
in the clockwise direction Inspection of Fig 8-2 shows that n may 
have negative values For a polytropic process with a negative num- 
ber for the exponent n, Fig 8-2 
reveals that pressure and specific 
volume will both increase (or both 
decrease) during the process This 
will occur if energy is transferred to 
an expansion process at such a rate 
that the pressure rises instead of 
falling (Essentially this occurs m 
an internal-combustion engine at the 
start of the power stroke when 
chemical energy is liberated ) Simi- 
larly, for a hypothetical compres- 
sion process energy is taken away at 
a rate to cause the pressure to fall 
even though the volume is being 
decreased 

8-8. The Irreversible Process. 

For an irreversible process the value 
for n cannot be used to compute 
either heat or work, but the process 
may still be represented in many 
cases on the pv or Ts diagram The 
irreversible adiabatic process is often 
encountered For this process the 
value of n will assume values dictated 
by the amount of irreversibility that may be present, and the direction 
of the change in n can be readily deduced If an adiabatic expansion pro- 
cess is irreversible, available energy is being degenerated into a thermal 
effect This thermal effect on the pv path will be exactly the same as 
if a transfer of heat had occurred, and n will approach as a limiting^ 
value n = 1 0 This will be the limit because, if all the available 
energy is wasted, no work will be done and the process will be at con- 
stant internal energy and this process is an isothermal process for the 

^ In a flow process with high initial kinetic energy even this value could be 
lessened, but, practically, such caaes are rarely encountered 






Fio 8-2 Process paths on pv and Ta 
diagrams 
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perfect gas For the adiabatic compression process n is always 
greater than k with no limiting value because there is no limit to the 
amount of work that can be added to the system. Accordingly, 
the effect of irreversibilities is to cause n to decrease from the value 
for the reversible expansion process and to increase from the value 
for the reversible compression process (These same trends will be 
evident for all irreversible processes ) 

Although the transfers of heat and work for the irreversible process 
cannot be computed by evaluating the jTds and the such trans- 
fers can always be measured by changes in the surroundings that are 
evaluated by the First Law Consider an irreversible steady-flow 
process , for this process 

Q-W = Acfiow = + AKE (3-136) 

and A6 and AKE are evaluated at the boundary. Hence, the First 
Law analysis can be made for any process without regard for irreversi- 
bilities that may be present within the system, because all energy 
terms are measured at the boundary of the system ^ 

For the perfect gas, Eq (7-8) can be substituted in Eq (3-136) 

[Q - W]r^^ or = - Tx) "h AKE (8-19) 

irrev 

01 

[Q - W],,. or = “ l) + (8-20) 

In Eq (8-20) it is permissible to substitute Eq (8-11): 



for Eq (8-11) or (8-10) can be used to relate the boundary or end 
states of the irreversible process (although the value of n for the end 
states does not necessarily delineate the path because n need not be a 
constant throughout the irreversible process). In other words, if the 
boundary states for the irreversible process are known, it is always 
possible to find a value for n that will satisfy Eq. (8-11) Such a pro- 
cedure does not require the same relationship between temperature and 
pressure to be maintained throughout the process, for this First Law 
derivation is based entirely on the properties at the boundary of the 
system Equation (8-11) can then be substituted in Eq (8-20) 

* Note that Chap III on the First Law preceded the study of irreversible 
processes 
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and further substitution of Eq (7-11) results m 

'« - ’*’1” - - m - 1 ] + AKE (8-22) 

The adiabatic work of the reversible or irreversible steady-flow process 
can be found by Eq (8-22) (^ e , when Q = 0) although, of course, if 
the adiabatic process is reversible, Eq (8-22) becomes identical with 
Eq (8-13) Note again, however, that Eq (8-13) was derived 
entirely from path relationships while Eq (8-22) is merely the First 
Law dressed in perfect-gas relationships 

Example 10: Repeat Example 9, assuming that the adiabatic process is irre- 
versible with the boundary states related by a value of n equal to 1 3 

Solution: Equation (8-21) is simple to use and with Q = 0, 

AKE = - l] - 

From Fig 1^4 (Appendix) an average value of Cp for the range of temperatures 
to be encountered is about Cp = 0 245 Btu R”^ Ib"^ Substitutmg this value, 

AKE = -0 245(900)[(j^o)“"“ - 1] - 50 
= 91 2 - 50 
= 41 2 Btu/lbm Ans 

8-9. The Compression and Expansion of Gases Such as Air. 

a The Ideal Compression Process {Steady-flow) The compression 
of gases IS an industrial problem of frequent occurrence In Chap III, 
various types of compressors were discussed, and energy balances were 
made to account for the work that must be supplied Now the prob- 
lem 18 to select the best process for the compression, and the best 
process is one that requires a minimum of work The pv diagram will 
be used to illustrate the work quantities required by different processes 
For example, in Fig 8-3a the isothermal and isentropic compression 
processes are shown starting from the same initial state and proceeding 
over the same pressure ratio {p%lp\ — pa/pi) Since most engineer- 
ing machines use a steady-flow process, the reversible work is evaluated 
by the —jvdp (if kinetic effects are negligible) Inspection of Fig 
8-3a shows that the — / vdp will decrease as the exponent n decreases ; 
that IS, less work is required when the gas is cooled during the com- 
pression process However, if state 1 is at atmospheric temperature, 
the maximum cooling that can be attained without using a refrigerator 
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(and a refrigerator would require an additional source of work) is the 
isothermal process Hence, the isothermal process is the ideal^ flow 
process for compressing fluids because the minimum amount of work 
is required (area 1'122' is less than area I'lSSO Figure 8-36 shows 
that isothermal expansion will deliver more work than isentropic 
expansion if the fluid in both processes is at the same initial state 
It has already been demonstrated that the amount of work required 
to compress a fluid can be determined without inquiring into the 
mechanism of the compressor If the reversible compression (or 


COMPRESSION 

Less work ibr isoRjermaf 
compression than fur 



EXPANSION 
More work from 



Fia 8-3 Comparison of isothermal and isentropic steady-flow piocesses of compression 

and expansion 


expansion) is isothermal, Eq (8-76) and Example 6 show that, for 
gases such as air, 

= RT In - aKE (8-76) 

steady flow V2 

isothermal 


while for polytropic (and iscntropic) compression (or expansion) Art 
8-5 shows that 


W 

rev 

steady flow 
polytrODio 



- AKE 


(8-13) 


Inspection of these equations reveals that the work depends not only 
upon the pressure ratio but also upon the initial temperature the lower 
the initial temperature of the air, the less will be the work required 
for the compression, 

^ Although the ability of the compressed fluid to do expansion work is reduced 
by the cooling (area 2^211' is less than area 2'3ir), yet m most practical cases 
this is not a loss For either the compressed fluid is stored, or else it is transferred 
through pipes to other locations before use, and during this time the fluid is 
unavoidably cooled to the temperature of the surroundings 



228 


THERMODYNAMICS 


b The Actual Compression Process In industry, large quantities 
of air (for example) must be compressed, and the compressor must be 
dnven at high speed to supply the quantity of air demanded by a 
process For this reason it is diflBcult to cool the fluid at a fast enough 
rate to maintain constant temperature Therefore, the compression 
process in commercial machines approaches isentropic rather than the 
more desirable isothermal compression In water-cooled, reciprocat- 
ing-piston air compressors the polytropic exponent for the relationship 
pv^ = C will have a value from 1 26 to 1 35 In centrifugal blowers, 
without cooling, values of n above 1 4 are quite usual It is best to use 
these values of n in the general equation (8-21) or (8-22), since the real 



Head end (or crank end) card 
or sincjic-adinq compressor 
(a) 


fiuHer .Haher pressure 
^ fhan receiver 
pressure fo /iff vefve 



Head and crank end card 
(Double-achnq compressor^ 
(b) 


Fio 8-4 Indicator cards foi reciprocatitig-piston compressor 


compression is an irreversible process and values of n are usually 
determined from boundary conditions 

In some instances, water is injected into the air as a means of 
decreasing the work of compression The saving m work arises from 
the high latent heat of the liquid , when vaporization of the water takes 
place, a reduction in temperature and therefore pressure of the air is 
obtained even though the vaporized water will contribute some part 
of the total pressure of the final mixture This practice, however, 
must be used with care, since the presence of water may add to corro- 
sion and erosion difficulties 

c. The Indicator Card. An indicator diagram (Art 4-5) is used to 
show the events that occur in the piston-type compressor (Art 3-66) 
In Fig 8-4, note that the card is similar in appearance to the pv dia- 
gram except that here the abscissa is volume Compression of air (for 
example) occurs in the process 1-2 ; at 2 the receiver valve opens when 
the pressure in the cylinder is slightly greater than the pressure in the 
receiver The compressed air is then pushed into the receiver, as 
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shown by the displacement path 2-3, until the piston reaches the end 
of its stroke (3). This point is not at zero volume because of the 
clearance that must be allowed in the actual mechanism (Art 3-66) 
Now when the piston starts back on the return stroke, air cannot enter 
until the pressure is reduced to, or slightly below, the suction pressure 
The air trapped in the clearance thus expands in process 3-4 At 
4 the inlet valve opens and a new charge of air is drawn into the cylinder 
as shown by the displacement path 4-1, although the volume of air 
inducted is less than the piston displacement volume (Fi?) 

Note that this indicator diagram does not represent a thermody- 
namic cycle of processes because no change occurs in the state of the 
fluid along the constant-pressure (and variable-mass) paths 2-3 and 
4-1 Here the fluid is merely displaced by the piston, and, because of 
this, the mass of fluid in the compressor will vary In process 1-2 a 
mass of fluid is compressed to the receiver pressure , in the displacement 
2-3 a portion of the mass is pushed into the receiver, in process 3-4 the 
residual mass of fluid m the clearance volume is expanded to the suction 
pressure; and along path 4-1 a new charge of fluid enters the cylinder 
Notwithstanding this variation in mass, the enclosed area on the indi- 
cator card is proportional to the work because this area is a measure of 
the work done by the face of the piston in overcoming a force through a 
distance (Art 4-5) Hence, the indicator card is the usual method of 
obtaining the indicated work of the real engine The work thus 
obtained is not for a cycle of processes undergone by the fluid but, 
rather, for a sequence of events undergone by the mechanism (This 
sequence of events will be regularly repeated, and therefore it is a 
mechanical cycle of the engine and not a thermodynamic cycle of the 
fluid ) 

The indicated mean effective pressure and the indicated work can 
be found for the mechanical cycle of the compressor in the same manner 
as for a thermodynamic cycle (Art 4-5) 


pim = imep 


closed area of diagram 
length of base 


X spring scale 


On one indicator card 


= Pu^AL = puuVi> (8-23) 

where A — area of piston 
L = length of stroke 
Fd = piston displacement 
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The indicated horse power is defined as 

<*-“> 

where N = number of cycles per minute [if one cylinder and single- 
acting piston, N = rpm; if x cylinders and double-acting 
piston, N = 2x(rpm)] 

The indicated horsepower is numerically less than the shaft horsepower 
because of the power that must be spent to overcome friction, the 
friction horsepower, 

A conventional card can be drawn by idealizing each event. In 
Fig 8-5 all events are specified to be re- 
versible, and therefore the polytropic pro- 
cesses 1-2 and 3-4 must have identical^ 
values of n. Although the work can be 
determined by Eq (8-13) [or Eq (8-76) for 
the isothermal process], it will be of interest 
to obtain the same answer by evaluating 
areas on the indicator card 





= pdv + v^y + p^y 

C') Eq (8-12) 

/■2 mi(p 2 V 2 - 

THi / pdv = ^ _ 

rrii pdv 

The displacement work at constant pressure (and variable mass) is 
f3 

I pdF = P3F3 ~ P2^2 = rrispiVs — ni2p2V2 

pdy = piFi - P4F4 = mipiVi — rriiPiVi 


Fig 8-5 Conventional (re- 
versible) indicator diagram 

and for reversible processes where pv*^ = C (and therefore pF” 
shows that 

- pit^i) 

n 

TTlsipiVi — PzVs) 

I — n 


Hence, 


IFr, 


miipiVj — pit^i) miipiVj — p3i^a) 


1 — n 


+ rrispiVs — m2p2V2 d- mipiVi — niiPiVi 


1 “ n 
which reduces to 

nr _ — ^(mapsVa + m2p2t>2 — mipiVi + niipiVi) 
rV rov — ; 

1 — n 


^ If the exponents were not the same, then the temperature of the expanded 
fluid at 4 would not be equal to the temperature of the mcoming fluid, and an 
irreversible mixing process would occur. 



APPROXIMATE CALCULATIONS FOR REAL OASES 


231 


Since 

nil = W 2 and while p 2 = p 3 and pi = p 4 

and the fluid is unchanged m state during the displacement strokes 2-3 and also 
4-1, then 


Therefore, 


Vi —Vi Va = Vi 


Wrer 


— n(m3 — nh)(p2V2 — piVi) 

r^i 


and thus Eq (8-13) is again obtained 

W — - 

yy rev — 


1 — n 


where m = mass of fluid entering or leaving the compressor 

« {nil — mg) 

Since Eq (8-13) was originally derived (Art 8-5) without picturing the 
mechanism for the compressor, and since m this deiivation the com- 
pressor has clearance, then it should be apparent that clearance has no 
effect on the work theoretically required to compress the fluid Of 
course, in real machines the compression and ree\pansion of a portion 
of the gas cause a loss because both processes are irreversible, hence, 
it 18 desirable to use low clearances A usual value foi the clearance 
volume in medium-pressure machines (100 psia) is 0 per cent of the 
piston displacement volume Vd For higher pressuies, smaller clear- 
ances are desirable and necessary Note that the clearance volume 
controls the amount of fluid discharged, if the cleaiance volume is 
large and the receiver pressure is high, it is entirely possible that no 
fluid will be delivered by the compressor 

d Volumetric Efficiency If the entire displacement volume of the 
compressor could be filled with air at the same temperature and 
pressure that exist in the surroundings, then the maximum amount of 
compressed air would be delivered to the receiver In the real machine, 
a lesser amount of air is delivered because the clearance prevents the 
displacement volume from being effectively used and, also, fluid 
friction losses will reduce the suction pressure Because of these 
factors, the volumetric efficiency of the compressor (or of any positive 
displacement machine) is defined 

m 

rjv = volumetric efficiency = — (8-25) 

m = mass of fluid inducted or delivered per stroke 
wid = theoretical mass of fluid to fill the piston displacement volume 
under optimum (usually atmospheric) conditions of pressure and 
temperature 
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Although the volumetric efficiency is a mass ratio, it is usually deter- 
mined by measuring volumes 

C 
D 

The compressor displacement (D) is the total volume swept by the 
pistons m 1 minute (A double-acting piston will displace a volume 
twice that of a single-acting piston ) The capacity (C) of the com- 
pressor 18 defined to be the volume of gas delivered as measured in 
cubic feet per minute (cfm) for the conditions of temperature and 
pressure existing in the inlet surroundings (and not in the receiver) 
For an air compressor, the atmosphere is the surroundings, and the 
volume of air delivered by the compressor, when measured at atmos- 
pheric pressure, temperature, and humidity is called free air 

A conventional volumetric efficiency can be determined from the con- 
ventional card, and this efficiency represents the optimum value for 
the real compressoi In Fig 8-5, since the same temperature and 
pressure exist at any point along path 4-1, then 



The clearance is defined as the fraction 

c = ^ (8-28) 

and by inspection of Fig 8-5 

Fi = Fs + Vj> 


Substituting Eq (8-28), 


Since 

Vi = cVn + = F«(c -f- 1) 

(a) 

then, 

Vi = Vi = cVd 

\Pj \Pi/ 

(6) 


Fi -Vi V^ + cVu - cV:, (pa/pi)" 
’'L, Vo Vo 

Tit = 1 + C — C (—V 

ooav \Pl/ 

(8-29) 

Example 11 : Determine the heat transferred in a reversible compressor durmg 
the compression and expansion processes if n » 1 30, the final pressure is 125 psia, 


_ compressor capacity (cfm) 
compressor displacement (cfm) 


. P,T 
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the clearance is 4 per cent, and the fluid is air at p « 14 7 psia and t — 60 F 
(Data are similar to those in Example 8 ) 

Solution : The amount of heat transferred during each process of the compressor 
depends on the mass of air in the cylinder The calculations are based upon unit 
mass delivered by the compressor 


Then, by Eq (8-27) 

By Eq (a) 
Therefore, 

And by definition 


m 1 lb„ 


m 

TtlD ^ — 
riv 


V, - Vd(.c + 1) 

TTll or 2 “ nij>{c + 1) 


Mass in clearance = (mass m cylmder) — (mass delivered) 

WI 3 or 4 “ Wll or 2 ^ 


To evaluate the relative masses, the conventional volumetric efficiency is calcu- 
lated 

= 1 + f - ts-as) 

( 1 2*> \ 0 77 

ift) * ^ 83 

Hence, 

m “ 1 Ibn, 

mi) « — = = 1 20 lb m/lb m delivered 

rjv 0 00 

or2 “= mj)(c -h 1) = 1 2(1 04) — 1 25 Ibm/lbm delivered 
Ws or 4 = mi or 2 — nr = 1 25 — 1 0 =■ 0 25 Ibm/lbm delivered 

The heat rejected to the coolmg water on the compression stroke 1-2 is (data from 
Example 8) 

ei.2 = m.r,, (f-3-^) iT. - ro 

= 1 25(0 171) ( ^/ "/g^ ) (853 - 520) 

= —23 75 Btu/lbm delivered Ane 
The heat added to the cooling water on the expansion stroke 3-4 is 

Q, . = m,c. (j^) iT, - T,) 

= 4 75 Btu/lbm dehvered Ans 
The net heat transfer to the coolmg water is 
SQ = Q1.2 + Q «-4 

“ —23 75 -f 4 76 = —19 0 Btu/lb« delivered Ann 
and this checks the answer found m Example 8 
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e Multistage Compression The work required to compress a gas 
18 controlled by three factors (1) the compression process, (2) the 
pressure ratio, and (3) the initial temperature of the gas, although these 
factors cannot be readily varied Any selection of the compression 
process is restricted by the mass flow rate, and therefore isothermal 
compression, while most desirable, is also most impractical The 
pressure ratio cannot be changed because it is fixed by the process 
demands for the compressed fluid However, the third factor, the 
initial temperature of the gas, can be lowered to effect a saving in work 


Q 



Fiq 8-6 System of two compressors and intercooler (multistage or senes toinpres- 
sion) 

In the case of an air compressor, the inlet air is at atmospheric tem- 
perature, and therefore this temperature cannot be reduced by using 
lake or river water, which is the cheapest coolant, because the watei 
would be at essentially the same temperature as the air But, instead 
of using one compressor, suppose that two compressors are connected 
in series This series combination will theoretically require the same 
amount of work as the single compressor, and, practically, it will 
require slightly more work owing to the increased friction caused by 
the more complex mechanism However, the compressed air leaving 
the first compressor (the first stage) will be at a high temperature 
relative to the temperature of the available cooling water, and there- 
fore effective cooling of the air is readily accomplished by an intercooler 
(Fig 8-6) Thus, the air entering the second compressor (the second 
stage) is reduced m temperature, and for this reason less work will be 
required by the multistage compressor than if a single compressor had 
been used 

The work required for a real multistage compressor is readily 
evaluated by the First Law equation (8-22) applied to the system of 
two compressors and intercooler (Fig 8-6) For the reversible com- 
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pressor, the ideal relationship, Eq (8-13) can be applied, m turn, to 
each compressor 

- ‘] + [(!:)"■ - 

Here it is assumed that the compression exponent is the same for both 
machines and that the outlet pressure (p,) for the first compressor is 
equal to the inlet pressure for the second compressor (p* = P 2 = ps 
in Fig 8-6) The latter assumption is equivalent to stating that no 
pressure drop occurs in the intercooler If the intercooling is ideal or 
perfect^ no pressure drop will occur, and, also, the outlet temperature 
of the air Tz will be reduced to T\ 

Since the work of the multistage compressor is governed by the 
intermediate pressure pi, the value of p^ for minimum work is of 
interest Upon differentiating Eq 
(8-30a) with respect to p^ and sotting 
the derivative equal to zero, 


dp. Jri = r. 


it IS found that 


= (PlP4)^ 




and therefore 


Fra 8-7 Savings in work from two- 
stage compression with intercooler 


Thus, the minimum work for ideal two-stage compression is obtained 
when the low-pressure stage has the same pressure ratio as the high- 
pressure stage With this division of the pressure ratio, each com- 
pressor will require the same amount of work because the inlet air 
temperature is the same for either stage 

^ ^ •imnRT i - 1 j (8-305) 


The work saved by multistage compression can be best illustrated 
by the pV diagram (Fig 8-7) (Since clearance does not affect the 
theoretical work, Fig 8-7 is drawn for a compressor without clearance ) 
If the compression were single stage, the path for the polytropic com- 
pression process would be 1-5 and the work would be proportional to 
area 1579 If the compression were isothermal and single stage, the 
work would be proportional to area 1679 With multistage and poly- 
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tropic compression, the work for the first stage is represented by area 
1289, and the work for the second stage by area 3478 Thus, the 
work saved by two-stage polytropic compression, relative to single- 
stage polytropic compression, is proportional to the area 2345. 


Example 12 ; A two-Btage, double-acting air compressor is constructed with the 
same stroke for both the high- and low-pressure cylinders Air is to be compressed 
from atmospheric pressure to 200 psia If the capacity is to be 400 cfm, determine 
the diameter of the cyhnders and the amount of heat that must be transferred 
in the mtercooler (Neglect possible losses ) 

Stroke 14 m n « 1 3 rpm 130 pa = 14 7 io « 80 F 
c 0 03, or 3 per cent 
Solution : The volumetric efficiency is 


and 


Since 



p. = (P.P4)* = [(14 7)(200)]4 = 54 3 p8ia 
1 

= 1 + 003 - 0 03(3 69)13 
* 0 948, or 94 8 per cent 


capacity 400 cfm 

compressor displacement D 

then the compressor displacement of the 1 oa\ - pressure stage is 




400 
0 948 


422 cfm 


and the piston (double-acting) displacement can he found from 
Fur, (rpm) (2) « 

Hence, the diameter of the low-pressure stage is 


\dliU) = 1 62(1,728) 

dh =* 16 in Am 

The volume of air entering the second stage is (at pt “ 54 3 psia and U — 80 F) 

K ^ 

“ p. 

T^;,-n|;- 400 (^^) -108cfm 
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and as before 


Dh 


108 

0 948 “ 
Vdh “ 0 44 ft® 
dff » 8 32 in 


114 cfm 


An8 


The mass flow rate of air is 

pV 14 7(144) (400) 


RT 63 3(540) 

The temperature of the air eiitermg the interrooler is 


29 4 lb«/min 


Ti = Ti ” 540(3 69)»‘ 


- 730 R 

The heat transferred in the mtercooler to reduce the temperature of the air to 

Ti = Ti IB 

Q - mc^Ti - 7y 

- 29 4(0 24) (730 - 540) 

= 1340 Btu/min Ana* 

f Compressor Efficiencies The simplicity of the electric motor 
makes it an ideal driver for the compressor. However, for portable 
compressors, or for locations where electric energy is either too expen- 
sive or else not available, gasoline or diesel engines and steam turbines 
or engines are used as the prime mover Because of these different 
types of prime movers, the efficiency of the compressor is defined in 
different manners 

The mechanical effiiciency is best defined 


_ indicated work (or power) of the compressor 
” shaft work (or power) supplied 


(8-32) 


However, many large compressors are built as an integral part of a 
reciprocating engine and for such cases 


_ indicated work (or power) of the compressor 
indicated work (or power) of the prime mover 


(8-33) 


The mechanical efficiency of commercial air compressors ranges from 
about 90 per cent for small machines to 97 per cent for the larger 
compressors 

The compression efficiency is based upon either ideal isothermal or 
ideal isentropic compression Thus, the isentropic^ compression effi~ 

^ This term is more often called, unfortunately, the adiahaitc compression 
efficiency 
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Imo 


work (or power) required for isentropic compression 
indicated work (or power) of the compressor 


(8-34) 


And the isothermal compression efficiency is defined 


’7c 

iM>ih 


work (or power) required for isothermal compression 
indicated work (or power) of the compressor 


(8^35) 


Typical values of these efficiencies for a commercial machine are 74 per 
cent (isothermal efficiency) and 84 per cent (isentropic efficiency) 

For the multistage compressor with intercooler the isentropic com* 
pression efficiency is defined 


7 ^ mi 


work (or powe r) for isentropic compression, ideal inter cooling 
indicated work (or power) of the compressors 


(8-36) 


The over-all efficiency is the product of the mechanical and the 
compression efficiencies Thus, the over-all efficiency may be given 
as the isentropic over-all efficiency or as the isothermal over-all efficiency 
8-10. Air Tables. The compression and expansion of air occurs in 
many problems m engineering Solution of equations in the form oi 
Eq (8-18) is tedious, consequently, the properties of air have been 
compiled^ in a manner designed to facilitate such computations 
Although the data are treated on the assumption that air is a perfect 
gas, inspection of Fig lA (Appendix) shows that this assumption is 
quite accurate for the range of pressures and temperatures usually 
encountered in engineering processes 

The Air Table^ plots values for enthalpy h, internal energy u, 
relative pressure pr, relative volume Ur, and <^>, against temperature, as the 
only independent variable, for the range 300 to 6500 R. The form of 
the Air Table is illustrated by Table 8-1 At a temperature of 400 R 
note that 


h = 0 Pr =10 Vr-= 10,000 <t> = 0 

The new terms relative pressure Pr, relative volume Vr, and <l> will be 
shown to be functions only of temperature, and, later, the utility for 
these terms will be demonstrated by several examples 

^ Keenan, J H and J Kate Thermodynamic Properties of Air,” John 
Wiley & Sons, New York, 1945 
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Table 8-1 — Aib at Low Pbessubes 


T 

i 

h 

Pr 

u 

Vr 

0 

330 

-129 7 

-16 77 

5105 

-39 39 

16159 

- 04609 

400 

- 59 7 

0 

1 0000 

-27 42 

10000 

0 

468 

8 3 

16 30 

1 7315 

-15 78 

6757 

03762 

520 

60 3 

28 77 

2 504 

- 6 87 

5192 

06290 

528 

68 3 

30 69 

2 641 

- 5 50 

4998 

06657 

560 

100 3 

38 38 

3 246 

- 0 01 

4313 

08070 

600 

140 3 

48 00 

4 135 

6 87 

3628 

09729 

700 

240 3 

72 11 

7 112 

24 13 

2461 

13447 

800 

340 3 

‘ 96 38 

n 410 

41 55 

1752 9 

16687 

900 

440 3 

120 86 

17 374 

59 17 

1295 

19569 

996 

536 3 

144 60 

25 045 

76 33 

994 2 

22075 

1000 

540 3 

j 145 59 

25 41 

77 05 

983 8 

22175 

1050 

590 3 

158 07 

30 35 

86 10 

864 8 

23393 

1200 

740 3 

1 195 % 

49 64 

113 71 

604 3 

26765 

1510 

1050 3 

276 54 

U8 58 

173 04 

318 3 

32734 

1800 

1340 3 

354 50 

236 1 

231 12 

190 59 

37455 

2000 

1540 3 

409 55 

360 4 

272 46 

138 72 

40354 

3450 

2990 3 

828 72 

1 3568 0 

: 592 25 

1 24 17 

1 56067 

4000 

3540 3 

1 993 61 

1 6813 0 

719 43 

1 14 678 

1 60500 

5000 

4540 3 

1298 48 

, 18373 0 

955 75 

6 803 

67301 

6000 

5540 3 

j 1608 16 

41870 0 

1196 90 

3 583 

72946 


Abstracted, by permission, from J Keenan and J Kaye, “ Thermodynamio Properties of Air," 
John Wiley A Sons, Inc , New York, 1945 


The function is defined 


0 *= / Cp Btu/lbm R and <^ = 0 at 400 R 
7400 R ^ T ' 


(8-37a) 


This equation shows that 0 is a function only of teijaperature Values of 0 were 
computed from data similar to that of Table WB (Appendix) Suppose that the 
change m entropy between two states is to be evaluated Equation (8-4) shows 
that 


and by Eq (8-37a) 


ds — c. 


T 


-R^ 


A dT p. p2 

As — I Cp In — 

yi ^ Pi 


As = 02 — 01 — R In — 

Pi 


(8-376) 


The values for 0 m the Air Table enable the change m entropy to be easily com- 
puted, and the labor of solving Eq (8-18) is avoided 
The relative pressure is defined 

P400 R J«-C 


P. 


(8-38a) 
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and thus pr *■ 1 at any pressure where the temperature is 400 R That pr w & 
function of temperature alone is shown by Eq (8-4) 


or 


and 


ds 



0 


if 8 constant 


ln£i] 

Pijs^c R 


In^l 

p40D IlJ« 


c 


t 

R 


In pr 


By means of this equation, values for pr can be computed for each temperature m 
the Air Table Equation (8-38a) is helpful in solving isentropic compression or 
expansion problems, between any two states at constant entropy 


Pt\ ^ Pl/P400 r]j-c _ pil 

Pn Pz/PioorI.-C paJs-C 


(8-38b) 


The ratio of the relative pressures is equal to the isentropic pressure ratio 
The relative volume is defined 


I0,000v l 

*^400 R Js-»C 


(8-39a) 


and thus Vr = 10,000 at any volume where the temperature is 400 R This term, 
hke the others, is a function of temperature alone, as is evident by combining 
Eqs (8-38a) and (8-39a) 


and therefore 


p 10,000v ^ 10,000py ^ 10,000igT 

P400 R t^400 R (pv)iQo H {RT)\qq R 

10,000T 

"" “ 400pr 


By means of this equation values of Vr can be computed The relative volume, 
like the relative pressure, is useful m solving isentropic compression or expansion 
problems, between any two states at constant entropy 


Vj\ ^ 10,OOQyi/y4oo],-c ^ 

t»r2 10,000^2/ t^40ol«-C J« — C 


(8-396) 


The ratio of the relative volumes is equal to the isentropic compression or expansion 
raito 

Example 18: Repeat Example 10, takmg into account the variation of heat 
capacity with temperature by use of the Air Table (Note that m Example 10 the 
variation m heat capacity was compensated by use of an average value for Cp ) 
Solution : Equation (3-136) is the simplest equation 


Q — W ^ hi — 61 H” AlCE and Q im 0 
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and 


Tl 

T2 

T2 



900 

IQO 231 


628 R 


Values for hi and ht can be selected from the Air Table for temperatures of 900 and 
628 R 

hi « 120 86 

hi = 30 69 
-M « 9017Btu/lb„ 

Hence, 

AKE - -AA - W 

= 90 17 - 50 » 40 17 Btu/lb„» Ans 

Compare this with the answer for Example 10, 41 2 Btu/Jb^ The answer could 
also be checked by the air chart, Fig IX, Appendix 
Example 14 • Repeat Example 9, using the Air Table 
Solution : The data are repeated 

Ti = 900 R 7^2 = unknown 

Pi « 100 psm P 2 = lOpsia 

Wrev = 50 Btu/lbm 

The data from the Air Table for Ti = 900 R are 

hi = 120 86 Btu/lbm 
Pn = 17 374 

Using Eq (8-386), 

Pr2 Pi 

Pn Pi 

Prj = pri = 17 374 ^i) = 1 7374 

With this value of pr enter the Table and fmd 

T 2 = 468 R 
As =« 16 3 Btu/lb« 

When these values are substituted m the First Law equation, 

AKE » Ai - A 2 - TV 

« 120 86 - 16 3 - 50 
* 64 66 Btu/lbm Ans 

Compare this with the answer for Example 9, 54 0 Btu/Ib^ 

Example 16 ; Determine the change in entropy for the process of Examples 10 
and 13 by computations based upon the Air Table 

Solution: For an isentropic expansion from T\ «• 900 R, 

pi = 100 psi, to p 2 10 psia 
Ti « 468 R 


(Example 14) 
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For the irreversible expansion from the same initial state 


T 2 628 R (Example 13) 

Both of these values are at the same pressure, hence, by Eq (8-376), 

As » 

From the Air Table, • 

</► « 0 06667 at 528 R 

= 0 03762 at 468 R 

As « A0 = 0 02896 Btu/lbm R Ans 

An alternative solution is to find the change m entropy from the initial to final 
states 


Ti = 900 R Tz - 528 R 

Pi “ 100 psia p 2 = 10 psia 

From the Air Table for these temperatures, 


= 0 19569 

02 = 0 06657 

A0 « -0 12912 

From Eq (8-376), 

As «= 02 — 01 — ^ In — 

Pi 

0 12912 + (2 3) 

0 12912 + 0 1575 = 0 02838 Btu/lb„ R Ans 


Example 16* A pound of air is reversibly and adiabaticallv compressed in a 
nonflow process through a compression ratio (volume ratio) of 6 from an initial 
state of 14 7 psia and 60 F What are the values for the final pressure and tem- 
perature, and how much work is required? (Note Fig IX in Appendix ) 

Solution : From the Air Table for Ti = 520 R, 


From Eq (8-396), 


Vri - 5,192 
ui = —6 87 Btu/lbm 
Pri = 2 504 


Vri Vi 


Vri = 


Vrl 

Vi/Vi 


5,192 

6 


865 3 


For this value of Vr the Air Table shows that 

Ti “ 1050 R Ans 
u * 86 10 Btu/lbwi 
Pr2 ” 30 35 


Vzi 

pri 


Pi 

P2 


pr2 

P2 = Pl“ 

Vrl 

— 178 psia 


14 7 


30 35 


2 504 
Ans 


Using Eq (8-386), 
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while the work is equal to 


and, since Q « 0, 

W 


Q W ^ Au 

= Ui — U2 

= -6 87 - 86 10 
= -92 97Btu/lb« 


Ans 


For this range of temperatures the value of k from Pig 1.4 (Appendix) is 1 39 
With this value in Eqs (8-17), (8-10), and (8-12), 


Vi 

Ti 

W 


Pi = 14 7(6)1 39 = i 7 g psia Ans 

Ti ' = 520(6)“ = 1050 K Ans 


R{T2 - T^) 
1 - k 


1 986(530) 
29(0 39) 


-93 1 Btu/lb^ 


Ana 


Problems 

For the following problems 

1 Gas constant \alaos can be found in Table VI (Appendix) 

2 Assume the process to be reversible unless otherwise imphed but determine 
for each answer whether this assumption was necessary for solution 

3 Answ ers to be Btu units and for work answers show also units of foot pound 
force Mass unit is to be the pound mole or pound mass as implied by the 
statement of the problem If in doubt, answers are to be expressed in both 
units 

4 Heat-capacity values are assumed constant unless otherwise stated 

5 All fluids are assumed to behave as perfect gases unless otherwise stated 

6 Solutions can be checked by the air chart (Fig IX, Appendix) 


Nonflow Const \NT-vontrMB Processes 

1. A tank contains 5 ft® of nitrogen at 200 psia and 200 F The tank is 
cooled until the temperature of the nitrogen is 60 F, Determme the amount of 
heat transferred from the nitrogen, the final pressure, the change m entropy, and 
the change in enthalpy 

2 Repeat Prob 1, assuming that carbon dioxide is the fluid 

3. Repeat Prob 1, assuming that heat is transferred until the pressure reaches 
20 psia Determine the final temperature, change m entropy, and the amount of 
heat removed 

4. A constant volume of air is cooled by transfer of 40 Btu of heat until the 
pressure is 30 psia If the mitial temperature is 300 F and the initial pressure is 
100 psia, determme the final temperature, change m entropy, change m enthalpy, 
and the work done 

6. Repeat Prob 3, assuming that hydrogen is the fluid 

6 . Repeat Prob 4, assuming that methane is the fluid 

7. Three pounds of air confined m a closed tank are heated until the enthalpy 
IS increased 40 Btu Ib*^ If the mxtial pressure is 100 psia and the final temper- 
ature 18 400 F, determine the change m mternal energy 

8. Repeat Prob. 7, assuming that the mass is 0 1 mole and the mcrease m 
enthalpy is 1100 Btu mole“‘ 
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9 . Oxygen is confined m a tank under a pressure of 100 psm and at a temper- 
ature of 300 F. If this air is cooled imtil the entropy decreases by 0 264 Btu lb“‘ 
what will be the final pressure? 

10. Repeat Prob 9, assummg that helium is the fluid while the entropy change 
IS 1 0 Btu mole”^ R”^ 

11. A pound of argon at 100 F and 26 psia is heated at constant volume until 
the pressure is 75 psia Determme the heat transferred, change m enthalpy and 
entropy, and the final temperature 

Nonflow Constant-pressure Processes 

12 A pound of air at 100 F and 20 psia is expanded at constant pressure until 
the entropy has changed by 0 3 Btu lb“^ R”^ Determine the final temperature, 
heat transferred, and change in enthalpy and mternal energy 

13 Repeat Prob 12, assuming that the fluid is argon of mass 0 4 mole while the 
entropy changes by 12 Btu mole”^ 

14. Air at 100 F is heated at constant pressure until the volume doubles while 
the entropy increases 0 25 Btu R“^ Compute the mass of air present 

16. A mole of air at 14 7 psia and 60 F is heated at constant pressure until the 
volume 18 tripled Determme the work, change of mternal energy, entropy, and 
amount of heat transferred 

16. Repeat Prob 15, assummg that carbon dioxide is the fluid 

17. Nitrogen undergoes a constant-pressure process until the change m internal 
energy is 20 Btu and the final temperature is 300 F How much heat was added, 
and how much work was done? 

18 One pound of air undergoes a constant-pressure process wherein the tem- 
perature doubles while the mternal energy increases by 100 Btu Ib;;;^ Find the 
heat and work transferred, change m entropy and enthalpy, and mitial and final 
temperatures 

19 Repeat Prob 18, assummg that 1 mole of hydrogen is the fluid while the 
internal energy mcreases 100 Btu mole“^ 

Isothermal Process 

20 A gas IS compressed at constant temperature from 15 psia and 26 ft® to 
105 psia Compute the work and heat transferred and the change m entropy, 
internal energy, and enthalpy Repeat, assummg a flow process 

21 One mole of air at 75 F is isothermally compressed to 600 psia while the 
volume is halved Compute the heat and work transferred, the change in entropy, 
and the mitial pressure 

22. Repeat Prob 21, assuming hehum to be the fluid 

23. Air at 60 F is isothermally compressed to 200 psia while the volume is 
halved and the entropy decreases by —0 5 Btu R“^ Compute the mitial volume, 
mass, heat, and work transferred 

24. Five cubic feet of air is isothermally expanded to a pressure of 20 psia from 
an mitial pressure of 80 psia. Fmd the work and heat transferred and the change 
m entropy 

26 Two pounds of nitrogen at 20 psia with specific volume of 10 ft* lb~^ are 
isothermally compressed to 100 psia Compute the work and heat transferred, 
temperature, and change of entropy 
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26 . Repeat Prob. 25, assuming 0 1 mole of air fo be the fluid with specific 
volume of 300 ft* mole"^ 

27 Two pounds of methane are isothermally compressed at 60 F while 200 Btu 
of heat are transferred (a) Find the pressure and volume ratios of compression 
(6) If the final pressure is 80 psia, find the change in entropy and the origmal 
pressure 


Non FLOW Polytropic Process 

28 . A pound of air is expanded in a polytropic process with n =» 1 2 from 
Pi s* 100 psia and ti = 260 F to <2 — 60 F Find the heat and work transferred 
and the change in entropy, enthalpy, and internal energy 

29 . Repeat Prob 28, assuming that 1 0 mole of hydrogen is the fluid 

80 A pound of air is compressed m a pol> tropic process from pi » 20 psia to 
p 2 = 100 psia while the entropy increases by 0 046 Btu Ib“^ Determine the 

value for n 

31 . A pound of air is compressed from —55 to 75 F while the volume is halved 
F'lnd the work and heat transferred per pound of air 

32 A gas IS expanded from a pressure of 100 to 10 psia with corresponding 
volume of 2 3 ft^ W'hile work of amount 10 Btu is done Find the value of n for this 
process (The final equation can be solved by trial ) 

33 Air IS expanded from a pr('8sure of 200 to 25 psia with correspondmg volume 
of 43 2 ft^ and temperature of 80 F while iieat of amount 5 Btu is added Find the 
value of n for this process, and the work transferred (The final equation can be 
solved by trial ) 

34 . Nitrogen is compressed m a poly tropic process from pi = 10 psia to 
Pi = 100 psia along a path for which n *= 1 3 If the initial volume is 10 ft^ and 
initial temperature is 60 F, find the work and heat transferred and the change in 
entropy 

86 . Repeat Prob 34, assuming that carbon dioxide is the fluid 

86. Air is compressed along a poly tropic path for which n = 1 2 The initial 
pressure is 20 psia, temperature is 80 F, and volume is 5 ft* The work added is 
1 0 Btu Compute the heat transferred and change in entropy, enthalpv, and mter- 
nal energy 

37 Repeat Prob 36, assuming that hydrogen is the fluid 

38 . A mole of hydrogen expands m a polytropic process from pi = 25 psia to 
P 2 = 50 psia and h =* 800 F Find the heat and work transferred, change in 
entropy, and mitial and final volumes if n « —30 

Nonflow Isentbopic Processes 

89 . One mole of nitrogen expands isen tropically from pi = 100 psia to pi 10 
psia If the mitial temperature is 100 F, find the heat and work transferred and 
change m energy, enthalpy, and entropy 

40 . Repeat Prob 39, assuming 1 lb™ of air to be the fluid 

41 A poimd of air is isen tropically compressed from — 50 F while the volume is 
halved Find the work and heat transferred 

42 . A pound of argon is isen tropically expanded from 300 F while the pressure 
IS halved Find the work transferred, change in internal energy, enthalpy, and 
entropy, and the expansion ratio 
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48 . Air at 15 peia with volume of 10 ft^ is isen tropically compressed by transfer 
of 60 Btu of work until the temperature is 376 F Fmd the mass of the air, change 
m enthalpy and energy, and the initial temperature 

44 . A mole of oxygen at 20 psia and 100 F is isen tropically compressed until 
the pressure is doubled Determine the work transferred 

46 . A mole of oxygen at 20 psia and 100 F is isen tropically compressed until 
the volume is halved Determme the work transferred 

46 . One pound of air at a pressure of 100 psia and volume of 10 ft* is isen- 
tropically expanded until its volume is tripled Determme the work transferred 

Combined Nonflow Pbocebses 
(Illustrate on pv and Ts diagrams) 

47 . A pound of air at a pressure of 25 psia and a temperature of 60 F is isen- 
tropically compressed until its enthalpy has increased by 50 Btu It is then iso- 
thermally expanded to the original pressure and, finally, cooled at constant pressure 
to the original state Fmd the work and heat transferred and the change m 
entropy for each process and for the cycle Find the cycle efficiency 

48 . A mole of air at 60 F is compressed along a polytropic path for which 
process n = 1 5, expanded isentropically to the initial temperature, and, finally, 
ISO thermally compressed back to the initial state with abstraction of 700 Btu of 
heat Compute the heat and work transferred for each process and for the cycle 

49 . A pound of nitrogen at 60 F is heated at constant volume until the pressure 
IS doubled, expanded along a polytropic path (n = 1 2) to the initial pressure, and, 
finally, cooled at constant pressure back to the mitial state Compute the heat, 
work, and change m entropy for each process and for the cycle 

60 . Repeat Prob 49, assummg that the polytropic path is an isen tropic path 

61 . A pound of methane at 80 F is heated at constant pressure until the volume 
IB doubled, compressed isothermally to the original entropy, expanded along a 
polytropic path (n = 1 2) to the initial volume, and, finally, cooled to the initial 
state Compute the heat and work transferred for each process and for the cycle 

62 . Repeat Prob 49, assuming that the path of the polytropic process is 
unknown although the work of the cycle is 5 Btu 

Combined Steady-flow Processes 
(Kinetic and potential effects neglected) 

63 . Repeat Prob 47, assuming that all processes are steady-flow processes 
Compare answers to those for Prob 47 

64 . Repeat Prob 53 for the data of Prob 48 

66. Repeat Prob 53 for the data of Prob 49 

66. Repeat Prob 53 for the data of Prob 50 

67 . Repeat Prob 53 for the data of Prob 51 

Steady-flow Processes 

(Kmetic energy of flow negligible unless otherwise stated) 

68. A steady flow of air enters a system at a pressure of 15 psia and 60 F and 
leaves the system with pressure of 15 psia but temperature of 600 F Fmd the 
heat and work transferred and change in entropy and enthalpy 
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£9. Repeat Prob 58j assup^ing that the specific volume remains constant and 
not the pressure 

60. Nitrogen is isothermally compressed in a steady-flow system from 35 psia 
and 60 F to a state with entropy —02 Btu R”^ less than the initial value 
Determine the heat and work transferred if the mass flow rate is 2 Jb^ sec^^ 

61. A mole of air is compressed along a polytropic path with n 1 30 from 
Pi = 20 psia and h = 60 F to a state where the specific volume is 150 ft® mole"^ 
Fmd the work, heat, change m entropy, and enthalpy. 

62 . Repeat Prob 61, but assume n = 1 50 and also n = 1 40 

63 . Methane enters a system at low velocity and with pressure of 100 psia and 
temperature of 400 F and leaves the system at a pressure of 10 psia (a) What is 
the maximum amount of kmetic energy that can be realized from this expansion 
if no heat is transferred? (6) Compute the maximum amount of work that can be 
ob tamed under the same conditions (c) If the kinetic energy realized in (a) is 
dissipated withm the flow system (throttlmg), what will be the temperature of the 
exit fluid (at pressure pi = 10 psia) ? 

64. Helium enters a flow system with pressure of 10 psia and temperature of 
100 F and leaves with a pressure of 100 psia Determme the work required for 
isothermal and for isentropic compression 

66 . Repeat Prob 64, assuming that the mitial temperature is 0 F 

66 , Air enters a compressor at pi = 14 7 psia and ti =60 F and leaves at 
P 2 = 40 psia and = 252 F Determine the work required if no heat is trans- 
ferred Can you prove that this process is irreversible? 

67. For the data and pressure ratio of Prob 66 determine the work and heat 
transfers if = 60 F and n = 1 45 

68 Repeat Prob 67, assummg that the process is adiabatic Does this 
assumption mean that the process is irreversible? 

Miscellaneous Including Air Table 

69 Derive Eq (8-11) 

70. Show by means of Boyle^s and Joule^s la^vs that for the Carnot cycle 

— Qtt ^ ^ 

Qa PiV\ Ti 

(Note Art 7-4 ) 

71. A pound of air is heated at constant pressure from 60 3 to 1050 3 F Deter- 
mine the change m mternal energy, enthalpy, and entropy and the values for heat 
and work transfers for this process 

72 . Repeat Prob 71, assuming 1 mole of air and limits of 100 3 to 2090 3 F 

73. Air at 14 7 psia and 60 3 F is reversibly and adiabatically compressed to 
147 psia Determine the final temperature 

74. Air at 14 7 psia and 60 3 F is reversibly and adiabatically compressed to 
700 3 F. Determine the final pressure 

76 . Air at 14 7 psia and 60 3 F is irreversibly and adiabatically compressed to 
147 psia and a temperature of 540 3 F Compute the change m entropy 

76 . Determine the work that can be done by an isentropic expansion of air 
from a pressure of 600 psia and 1000 F to 10 psia for both flow and nonflow processes 

77. Compressed air at 50 psia and 100 F is throttled through a globe valve to a 
pressure of 30 psia The mitial and final velocities of the air are negligible For 
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this adiabatic process, determine the work and changes m entropYi enthalpy, and 
mtemal energy 

Compressors 

78 . Is Eq (8-22) valid for irreversible isothermal processes? 

79 Derive an equation for the work of a compressor with clearance from the 
eonventional indicator card if the compression is reversible and isothermal 

80 For a nonflow compression process between definite pressure limits deter- 
mme whether isothermal or isentropic compression will require the least work, or 
whether a decision can be made What conclusions can be made for the inverse 
expansion process? 

81 Show that if pavj, then piT^ = P 2 FJ 

82 Determme the conventional work and horsepower for an air compressor 
with capacity of 500 cfm if the process is (a) isentropic, (6) polytropic with n = 1 3 
and (c) isothermal Intake conditions are p » 14 7 psia and t =» 60 F, and dis- 
charge pressure is 80 psia 

83 . For the data of Prob 82, determine the compressor displacement if c = 0 03, 
if c = 0 06 

84 . Repeat Prob 82, assummg that methane is the gas 

85. Air IS reversibly compressed from pi — 14 psia, U = 80 F, to pr = 60 psia 
and U “ 295 F, and the conventional volumetric efficiency is 94 per cent Find 
the percentage of clearance 

86. The compressor of Prob 82 is to be used at a location where the barometric 
pressure is 10 psia and i =» 60 F What capacity is necessary if the same mass 
flow rate and the same discharge pressure are to be maintained? If the clearance 
18 0 06, what is the displacement of the compressor? 

87 . A double-acting 7- by 7-in air compressor, with clearance of 0 05, com- 
presses air from p = 14 7 psia and t = 70 F to p = 100 psia Determine the 
(conventional) compressor capacity (300 rpm , n = 1 35) 

88 How much coolmg water (lb,„ mm“^) must be supplied to the compressor of 
Prob 87 if the temperature rise of the water is 80 F? 

89 . For the data of Prob 87, determme the heat transferred to the cooling 
water during a compression and, also, durmg an expansion stroke (for air on one 
side of the piston only). 

90 . A double-acting air compressor dehvers 25 Ibm min'^ of air from pi = 14 7 
psia, U = 80 F, to p 2 *= 100 psia Determme the shaft horsepower of the com- 
pressor if the isentropic compression efficiency is 82 per cent and the mechanical 
efficiency is 95 per cent (200 rpm, c = 0 05, n = 1 3). What is the value for the 
isothermal compression efficiency? 

91 What will be the area of the mdicator card for the data of Prob 87 if the 
spnng scale is 100 psia m and the reducmg motion is 2 to 1? Draw a conven- 
tional pF card, and show true volumes 

92 . A two-stage double-acting compressor takes m air at p = 14 5 psia, 
h =* 70 F, and delivers it to a receiver at 300 psia If the mtercooling is perfect, 
determine the conventional horsepower, the capacity of the compressor, the heat 
transferred in the mtercooler, the displacement and dimensions of both cylmders 
(160 rpm, 12- by 12-in low-pressure cylmder with 12-in stroke of high-pressure 
cylmder, c »“0 03,n » 13 for both cylinders) 

98 . Find the isothermal compression efficiency for the data of Prob 92 
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94 . Determine the heat transferred to the coolant during a compression stroke 
of the first stage of Prob 92 (for air on one side of the piston only) 

Symbols 

a constant 

A constant, also, area 

6, B constants 

c heat capacity, also, compressor clearance 

cfm cubic feet per mmute 

C constant, also, compressor capacity m cfm 

d diameter 

D compressor displacement in cfm 

e energy in general per unit mass 

F degrees Fahrenheit 

FE flow energy 

Qe dimensional constant 

h enthalpy per unit mass (thermal units) 

ihp mdicated horsepower 

imep mdicated mean effective pressure 

J Joule^s equivalent 

k ratio of Cp to Cv 

KE kmetic energy 

L stroke (length) 

M molecular weight 

m mass and mass flow rate 

n polytropic process 

N cycles per mmute 

p pressure 

PE potential energy 

Q heat 

R universal or specific gas constant 

R degrees Rankine 

rprn revolutions per mmute 

entropy per unit mass (specific) 
i thermodynamic temperature 

T absolute thermodynamic temperature 

u internal energy per unit mass (thermal units) 

V volume per unit mass (specific) 

V volume 

W work 

CO mfimte 

Subscripts 

a atmospheric 

conv conventional 

c compression 

D displacement 

H high-pressure cylinder 

T mtermediate (pressure) 
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im indicated mean 

ind indicated 

irrev irreversible 

isen jsen tropic 

isoth isothermal 

L low-pressure cylinder 

m mechanical 

n polytropic process 

p constant pressure 

rev reversible 

ms multistage 

r relative 

V constant volume also, volumetric 

X profess with constancy of process x 

Greek Letters 


Vc 

(eta) 

compression efficiency 

Vtn- 


mechanical efficiency 

Vv 


volumetric efficiency 

X 

(sigma) 

summation 
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CHAPTER IX 


THE FLOW OF FLUIDS 

The means for measuring fluid flows are important adjuncts to 
the thermodynamic study of the steady-flow process. The fluid flow 
may also have definite characteristics that must be ascertained before 
a thermodynamic analysis can be intelligently made For certain 
machines, notably the turbine, creating a high velocity is the initial 
step in transforming available energy into work All of these subjects 
are part of the problem of fluid flow 

In this chapter the units used will be restricted to the engineering 
system In dealing with the perfect-gas laws the assumption of con- 
stancy of the heat capacities will be retained where simplicity is 
desirable 

9-1. General Flow Equations for a Nozzle. The time required for 
fluid to pass through a nozzle is extremely small, especially if the veloc- 
ity is high For this reason the expansion m a nozzle is essentially 
adiabatic In Art 3-6d the steady-flow equation was applied to 
reversible or irreversible processes and, for flow through the nozzle of 
real or perfect fluids, 

Since Q and W are equal to zero, 

VI -VI] _ 

and 

F2lo_o = - h2) + VI (9-1) 

This equation can also be written in the form^ 

F^Iq-o = Fc y/^Jgdhi — h^) 

where the correction factor Fc equals 

‘ The absolute value of y/TJgc is 223 77 

253 


(3-16) 

(3-17) 
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where 




_ Ds _ diameter of smallest section of the nozzle 
^ D\ diameter of approach section of the nozzle 


The ideal maximum velocity will be attained when the expansion is 
reversible, and therefore, since the process is also adiabatic, the entropy 
remains constant 

F2„v = Fc \/2Jg.{hj - (9-3) 

If these equations are restricted to fluids that obey, at least approxi- 
mately, the laws that govern perfect gases, Eq (3-16) can be expanded 
(refer to Art 8-8) 

F2r.vor = F. V^g.Cp(Ti - 1 \) = Fr -y|2Jg.CpTi (^1 - (9-4a) 

- [ ' - (?;F] = 


When Eq (9-3) is treated in similar manner. 


= F, J2Jg,c,T, fl - ' 

^ L \Pi/ 

= f r _7 e?)W“ 


(9-46) 


(9-5a) 


(9-56) 


Equations involving k are preferable to those involving Cp since k vanes 
somewhat less with temperature than Cp (Fig I, Appendix) 

The mass flow rate is determined directly from the continuity 
equation 

A V 

m = — (3-14) 

V 

The usual engineering units for these equations are 

V = velocity f ft/sec) 

h = enthalpy (Btu/lb^) 

Cp = heat capacity (Btu/lbm R) 

T == absolute thermodynamic temperature (R) 

p . /l,545ftlb/\ A 986 Btu\ 

fi - specific ga. constant or 
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J =5 Joule’s equivalent (778 16 ft lb//Btu) 
M = molecular weight 


go = 32 17 


Ib^ ft 


lb/ sec 2 

9-2, General Design of the Nozzle. The shape of a nozzle that 
will at least theoretically allow the attainment of the ideal velocity 
will be illustrated by an example Here, for generality, a real and not 
a perfect fluid will be used, while for simplicity the flow will be from a 
region of zero velocity in order that the correction factor will be 1 0 


Example 1 . Determine the variation in area throughout a nozzle that is to 
expand steam isen tropically from pi = 100 psia and h = 600 F to p 2 = 20 psia 
if the initial velocity is zero 

Solution: The simplest solution is to use Steam Table 3 


Vi = 6 218 It^/Ibm Keenan and Keyes 

hi = 1329 1 Btu/lbm Steam Tables 

= 1 7581 Btu/lb„, F 

Selection of pressure at any stage of the expansion can be arbitrary, while entropy 
must be held constant at s = 1 7581 Intei polation of Steam Table 3 for pres- 
sures of 100, 80, 60, 54 6, 40, and 20 psia yields the results indicated m the accom- 
panying table 


. ! 
psia 1 

h ' 

Bill lb;/ 

V 

100 

1329 1 

6 218 

80 

1304 1 

7 384 

60 

1273 8 

9 208 

54 6 

1265 0 

9 844 

40 

1234 2 

12 554 

20 

1174 8 

21 279 


With these values the velocity can be found from Eq (9-3) and the area from 
Eq (3-14) and for unit mass flow rate 


P 

psia 

, V 

ft 

A 

\ " 

100 

0 

00 

80 

1,119 

0 0066 

60 

' 1,660 

0 00556 

54 6 

1,790 

0 00550 

40 

2,175 

0 00577 

20 

2,775 

0 00768 

i 
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The velocities, specific volumes, and areas found in Example 1 are 
plotted in Fig 9-1 against the corresponding pressures. Study of 
Fig 9-1 reveals an odd result The area of the nozzle decreases as the 
pressure decreases until a minimum area, called the throaty is reached; 
from here on the area increases The explanation, however, is indi- 
cated by Fig 9-1 and the continuity equation. In the early stages 
of the expansion the velocity increases at a greater rate than the 
specific volume, this causes a reduction of area for constant mass flow 



PtnififfI 

Fig 9-1 Relations of area, velocity, and specific- volume in a conveigent-divergent 
nozzle 

After the throat, the velocity increases at a lesser rate than the specific 
volume, and, therefore the area must increase for this part of the 
expansion If the expansion does not proceed over a wide pressure 
range, only the convergent section may be necessary In Example 1 
this would be true for expansions from 100 psia down to the throat 
value of approximately 55 psia A nozzle of this type is called a 
convergent nozzle However, if the pressure at exit of the nozzle is less 
than 55 psia (for the data of Example 1), a divergent section must also 
be used to attain the maximum velocity. Nozzles of this type are 
called convergent-divergent nozzles 

The calculations m Example 1 determined the area of the nozzle at 
several different states of the expansion At each state there will be 
a definite pressure and a definite velocity Since the length of the 
nozzle does not enter the calculations for either pressure or velocity, 
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then the nozzle can have any length. If the nozzle is very short, the 
transition from the high- to the low-pressure region is quickly accom- 
plished If the nozzle is made longer, the transition will occur over a 
proportionately longer period of time, although obviously the same 
sequence of areas is visited in either case. The nozzle is constructed 
in the manner illustrated in Fig 9-2 At the start of the expansion 
the velocity is zero, and therefore the area should be infinite To 
approach this condition the walls of the nozzle can be made tangent 
to the walls of the reservoir, as illustrated in Fig 9-2, although, prac- 
tically, the shape of the nozzle at this location is not critical since the 


Enf‘rctnce 


Reservoir 



Fjg 9-2 Convprgent -divergent nozzle 


velocity is low The converging section ot the nozzle need follow no 
particular type of curve, and any shape is acceptable that allows the 
area to decrease continually From experience it is found that the con- 
vergent pait can be made quite short in length with no ill effects, and 
this is done to reduce friction For the same reason the walls of the 
nozzle should be well polished However, the divergent part of the 
nozzle must be more carefully treated because here the velocities are 
quite high The throat of the nozzle should merge into the divergent 
section, as shown at B m Fig 9-2, without a corner or discontinuity in 
the curve that would cause an abrupt change in direction of the fluid 
and a disturbance to be set up in the high-velocity stream Similarly, 
the diverging walls must continue to curve gradually and become 
parallel at exit {B') if the fluid is to leave the nozzle without disturb- 
ances created by an abrupt change in direction, for here the velocity 
of the fluid is extremely high While the diverging section should be 
short if friction losses are to be avoided, still, the divergence cannot be 
too great or the fluid will break away from the walls and complete the 
expansion in a turbulent manner outside the nozzle If the included 
angle (approximately measured) of the nozzle is small, the less critical 
will be the design, and any smooth curve between throat and exit will 
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yield good results. For this reason^ the included angle of most nozzles 
is less than 20 deg, and smaller values of the order of 6 to 12 deg may be 
preferable 

Note that the basic dimensions for a nozzle are the mouth and 
throat areas With these dimensions a nozzle can be constructed in 
the fashion of Fig 9-2 Since the pressure at the exit is known, the 
area and velocity at this section can be directly computed. However, 
the throat area cannot be computed unless the pressure at this section 
18 known This could be found as in Example 1 by plotting the entire 
area demands of the nozzle although an easier method will be found in 
the next section 

9-3. The Throat Pressure Ratio, To discover the factors that 
necessitate a convergent-divergent nozzle, the perfect-gas laws allow 
the simplest presentation Consider a perfect gas expanding from a 
region of high pressure. Inspection of the continuity equation and of 
Fig 9-1 for a real fluid shows that for a given flow rate the ratio of 
V /v = m/A determines the area variation for the nozzle If the 
ratio of velocity to specific volume continually increases, only a con- 
vergent nozzle IS necessary, and the exit area is the throat area If the 
ratio passes through some maximum value and then decreases, a 
convergent-divergent nozzle is necessary, and the minimum or throat 
area is not at the exit of the nozzle The pressure ratio where V /v 
becomes a maximum is found by setting the derivative oi V /v with 
respect to pressure ratio equal to zero* 

d{p2/pi) 

Equation (9-4b) is divided by V 2 where V 2 is determined by 


P2V2 = Vivl or V 2 — Vi("V and — = — (^V 

\V2/ V2 Vx \px) 

The correction factor, for the velocity of approach, and Vpj the ratio of 
Pi/px, are inserted 


Ij 

V2 



2gckRTi 

2 11 + 1 

'■p" — Tp " 

V 

(k - ly, 

2 

. 1 - /3 V - 


(9-6) 


Equation (9-6) is differentiated with k and n treated as constants and 
therefore Vp is the only variable 
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d{vi/vi) ^ 
dirp) “ 

2 /o ?_1 »j 4- 1 i\ 2 

(1 - ,SV,") j - (V 

which reduces to 



1 — n 

Tpt ” + 




n + 1 


(9-7) 


where is the pressure ratio between entrance and throat 

When this equation is solved for various values of P and n, results are as 

indicated in Table 9-1 


Table 9-1 — Values of rpt for Various n Values* 
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Solving for k (although values for k are given in Fig 8 of the Keenan and Keyes 
Steam Tables) gives the results indicated m the accompanymg table. 


V 

V 

pilvi 

k 

100 

6 218 

0 8 

1 30 

80 

7 384 

0 75 

1 30 

60 

9 208 

0 666 

1 30 

40 

12 554 

0 6 

1 31 

20 

21 279 




If 1 30 is selected as a probable value, 


and 





0 646 


pt = 100(0 546) *= 54 6 psia 

Inspection of Fig 9-1 confirms this answer, as the mmimum area occurs at this 
pressure 


Foi superheated steam the isentropic process can be closely followed 
by the polytropic equation 

pv^ = r A* « 1 30 (9-9a) 

For wet steam an average value assigned to k is 


A « 1 13 (9-9h) 

With these values (or better, more precise values calculated as in the 
foregoing table) 

Tpt = 0 545 superheated steam (9*1 On) 
Tpi = 0 58 wet steam (9-106) 


Example 2 • Find the necessary dimensions for a perfect nozzle that will allow 
a mass flow of 1 0 Ibm sec"^ of air from a large system at 50 psia and 60 F to a dis- 
charge region of 10 psia 

Solution* Since the pressure range is large, it is suspected that the throat of 
the nozzle will have a higher pressure than the exit pressure Testing this surmise 
by Eq (9-8) with n «= A: = 1 4 or by Table 9-1 gives 


Tpt 

Pt 



50(0 528) « 26 4 psia 


“0 528 
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The velocity at the throat is determined from Eq (9-5o) 


2JgcCj,Till - (0 528) * J (9-5a) 

Selectmg C j, fro m Fig I A (Appendix) and noting that 223 77 is the numerical 
value of will give 

Vt rev = 223 77 V0 24'(620)[l - (0 528)^286] 

F t rev ^ 1,017 ft/sec 

The initial specific volume can bo found by the equation of state 



_ RTi _ 1545(520) 
“pi 29(50) (144) 
= 3 86 ftyib.,. 

The specific volume at the throat is equal to 



= 3 86(1 893)0’^® 
= 6 09 ftVlbtn 

By the continuity equation 


m 

At 


AF 

V 

1 0(6 09) 
1017 


0 00598 ft* 


Ans, 


The velocity at the mouth of the nozzle equals 


F 2 rev 



= 223 77 Vo 24(520)[1 - (0 2 )" “e] 


= 1,515 ft/sec 


The specific volume at the mouth equals 


1 



= 3 86 ( 5)0 ■'16 
= 12 2 

and the area is equal to 

^ = 0 <^0805 ft* Ans 

V 1,010 

Example 8 . Repeat Example 2 for the same conditions except that /3 = 0 70 
(entrance to throat) 

Solution: From Table 9-1 (interpolating) 


tpi =« 0 569 
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Hence, 

pt »“ 50(0 669) “ 28 5 psia 
The velocity at the throat equals 

k 


^r.v = - (rp,) * ] 

\ [1 - 

= 223 77 .^/ O 24(520) [ 1 - (0 569)°^»«] 


and 


= 1,030 ft/sec 


[1 - 0 80^0 668)*] 


t^i 


.5?1. .M^.saoft./ib. 

pi 29(50)144 Vp(/ 


The area at the throat equals 


(3 76)“ ”‘(3 86) 
5 79 ftVlb™ 




The velocity at exit can be found in the same manner by Eq (9-1) with subscript 2 
identifying the exit section and subscript 1 identifying the throat section 

9-4. Velocily and Pressure Variations in the Nozzle. Consider a 
convergent nozzle leading from a region of high pressure to a receiver 
that can be maintained at any desired exhaust pressure When the 
pressure m the receiver is equal to the initial pressure, flow cannot 
occur But when the pressure in the receiver is lowered, the pressure 
at the throat is lowered to the same value and flow begins Inspection 
of Eq (9-45) shows that the velocity increases as the exhaust pressure 
decreases However, when the receiver pressure has been reduced to 
the pressure dictated by the critjcal pressure ratio y a maximum velocity 
will be attained that cannot be exceeded (at the throat) by again 
lowering the exhaust pressure The convergent nozzle can only expand 
fluid to the critical pressure ratio because for any additional expansion a 
divergent section is required by the nozzle, this is evident from Art 
9-3 For this reason, the pressure at the throat of a convergent nozzle 
IS also the receiver pressure if this pressure is equal to or higher than 
that defined by the critical ratio. If the receiver pressure is reduced 
below the critical value, the pressure at the exit from the nozzle — and 
this 18 the throat — will be that of the critical ratio The fluid will 
expand to this pressure, but, since the divergent section is missing, 
further expansion will not occur m the nozzle Instead, the fluid 
leaving the nozzle will suffer a wild, turbulent expansion to the exhaust 
pressure with acquisition of little or no additional velocity 




THE FLOW OF FLUIDS 


263 


Suppose that a convergent nozzle is compared with a convergent- 
divergent nozzle under conditions such that the pressure ratio between 
source and receiver is less than the critical ratio Both nozzles would 
have the same values for pressure (and velocity) at the throat, but in 
the convergent-divergent nozzle higher velocities will be found after the 
throat because the diverging section is present to guide and control 
the expansion 

Thus, it appears that the velocity of the fluid at the throat of either 
a convergent or a convergent-divergent nozzle is restricted to some 
limiting value by the critical pressure ratio It will be of interest to 
investigate the limiting value that can be attained by the throat veloc- 
ity, and, to do this, the perfect-gas laws allow the simplest derivation 
For conditions of zero velocity of approach the maximum velocity 
at the throat of a nozzle can be found by substituting Eq (9-8) 

J-p, = ^ = (for n = k) (9-8) 

and, by substituting Eq (7-11), 

kR 


into the isentropic Eq (9-5a) 


/ r 

/ 


Vt rev — ^2J grCpT i 


J 


This simplifies to 

T/ _ /o 

Vt rev yj^igc ^ ^ J 

The temperature at the throat is 






and this value, substituted in Eq (a), gives 

F* rev “ "X/ gJcRTt “ \/ Qc^TtVi 


(9-5a) 


(a) 


(9-11) 


Inspection of Eq. (9-11) shows that the velocity at the throat of an 
ideal nozzle is dependent only upon temperature But this same con- 
clusion was obtained from the equation derived m Prob 24, Chap I, 
for the velocity of propagation of sound (the acoustic velocity) or of 
small pressure disturbances in a compressible medium In fact, when 
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the constant for this latter equation is evaluated by experimental tests, 
it is found to be equal to gfcA*. Thus, the maximum velocity tlmt can be 
attained in the convergent part of a nozzle is the acoustic velocity. 

However, when the pressure ratio between entrance and exit of 
the convergentKiivergent nozzle is less than the critical pressure ratio, 
the velocity of the fluid in the divergent section will be far greater 
than the throat velocity Mach numbers greater than one, that is, 
velocities greater than the acoustic velocity, can be achieved in the 
divergent section of the nozzle The Mach number is defined 

Ma = ^ (9-12) 

r a 

and is the ratio of the actual velocity to the acoustic velocity computed 
for the state where the velocity V exists 

When the pressure ratio between entrance and throat of the nozzle 

15 greatei than the critical ratio, then the pressure ratio between the 
entrance and the diverging section must also be greater than the 
throat ratio For only when the critical ratio exists at the throat can 
the pressures in the diverging section fall below the critical value 
In this case the divergent section is a diffuser slowing down the veloci- 
ties and achieving higher pressures (Art 4-3) The possible conditions 
that can exist in the convergent-divergent nozzle are illustrated in 
Fig 9-3 In curve A (and probably curve B) the nozzle acts as a 
venturi , a pressure at the exit slightly lower than that at the entrance 
causes a greatly decreased pressure at the throat In the convergent 
section, expansion proceeds with the attainment of a high velocity and 
a low pressure at the throat In the divergent section, compression 
occurs, the velocity being progressively reduced while the pressure is 
increased This venturi action continues as long as the throat pressure 

16 greater than, or equal to, the critical value 

When the pressure at the exit of the nozzle is less than the throat 
pressure and the exit area has been proportioned in accordance with 
the correct values for pressure and velocity, the expansion line for the 
nozzle will be a smooth curve such as E (Fig 9-3) Here the critical 
pressure ratio occurs at the throat, but lower pressures and higher 
velocities occur in the divergent section 

If the pressure at the exit is gradually raised, the fluid will persist 
m expanding almost to the former exit pressure, probably because of 
the adherence of the fluid to the walls However, at some stage, a 
compression shock will occur when the supersonic-velocity fluid strikes 
the higher density fluid at or near the exit When compression shock 
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occurs, the velocity becomes subsonic and the fluid is irreversibly 
compressed. The pressure increases but never to a degree that could 
be attained by an isentropic compression, and, because of this irreversi- 
bility, the pressure after the shock may be lower than the pressure at 
the throat (curve D) Note that by the continuity equation the 
velocity can vary widely at any area because of the compensating 
effect of the specific volume After the shock the diverging section of 




liQ 9-3 Variation's of pre-^buie conditioiib in a convergent-divergeni, nozzle 

the nozzle acts as a diffuser, and the subsonic velocity is reduced to a 
still lower value, while the pressure is increased to the discharge 
pressure 

Thus, the convergent-divergent nozzle may act either as a nozzle 
or as a venturi, and because of this, the throat pressure cannot 
readily be predicted For the convergent nozzle either the pressure 
at the throat is that dictated by the critical ratio, or else it is the 
exhaust pressure For the convergent-divergent nozzle the pressure 
at the throat is either the pressure dictated by the critical ratio or else 
a higher pressure that is less than the exhaust pressure 

9-6, Efficiency and Velocity Coefficients. The efficiency of the 
nozzle is defined as the ratio of the actual kinetic energy to the maxi- 
mum value that could be realized by an isentropic expansion from the 
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initial state to the final state This ideal kinetic energy can be found 
from the steady-flow equation restricted to an isentropic process ' 


And by definition 


hi 4- 


J1 

2Jgc 

2Jg^ 


h, + ^ {Q = W^0) 

JiJ Qc 

27 ^, + (^1 " 


_ actual KE _ F| 
“ ideal “ FL 


Vlf2Jgo 

Vi/2Jgc -|- {hi — /i2)»=c 


(9-13) 


The velocity coefficient is defined as the ratio of the actual velocity 
to the ideal velocity 

actual velocity _ F 2 
ideal velocity F Isen 


c. = 




(9^14) 


The nozzle is a remarkably efficient device, ^v^th the efficiency vary- 
ing m general with the length and roughness of the inner surface 
For convergent nozzles, efficiencies of 98 per cent and velocity coeffi- 
cients of 99 per cent are quite usual values Convergent-divergent 
nozzles must be quite long as compared with convergent nozzles if the 
cone angle of the divergent section is to be held to small values The 
velocity in the divergent section is high, being greater than the acoustic 
velocity, and friction loss is inci eased For this reason, the over-all 
efficiency of a convergent-divergent nozzle is usually lower than that 
for a convergent nozzle, although values above 90 per cent are quite 
usual If venturi action occurs and the velocity at the throat is not 
high, the compression process in the divergent section can be accom- 
plished without seriously interfering with the efficiency values given 
above for convergent nozzles However, if the throat velocity 
approaches the acoustic value, the compression is not readily performed 
without turbulence that causes lower efficiencies 


Example 4 : Determine the dimensions for a nozzle that is to expand 1 Ib^ sec"* 
of steam from pi = 100 psia and = 600 F to p 2 = 20 psia if the velocity coeffi- 
cient from entrance to throat is assumed to be 0 99, and from entrance to exit 0 96 

(Velocity of approach is negligible, data are basically the same as m Example 1 ) 
Solution: The same method of solution should be used as in Example 1 
Assume a pressure and find the velocity and specific volume at that pressure 
With this mformation, the area correspondmg to each pressure can be found 
Suppose the first pressure selected is 54 6 psia, which was the throat pressure m 
Example 1 

p 2 ■= 54 6 psia 
hi =* 1329 1 Btu/lb« 

h 2 ^ 1265 0 Btu/lb« 

E 2 rev = 1,790 ft /sec 
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With these data 


= CvV^x^ » 0 99(1,790) = 1,773 ft/eec 
But the actual velocity also equals 

^2' ‘\/2Jgc{hl h2') = Cv gt{hi — /l2)iBen == \/^gcVn(hi — /l’2)iHeo 
Therefore, 

~ U ~~ h^xtien. “ ““ ^2)iHen 

= (0 99)*(h4 1) 

= 62 8 Btu/Jbm 

or 

h2' = - 62 8 = 1329 1 - 62 8 

= 1,266 3 Btu/lb„. 

Since enthalpy and pressure are known to be 

p 2 = 54 6 psia h 2 ' = 1,266 3 Btn/Ibm 
the Steam Tables yield 

Vi' = 9 946 ftVlb„ 

With these values the area is found from the continuity equation 

^ _ viv _ 1 0(9 946) 

“ F *“ 1,773 

= 0 0056 ft2 Ans 

However, this area is not necessarily the throat area smce the denvation of Art 9-3 
showed that the throat pressure is governed by the n value of the expansion, and 
here the n value is not the isentropic value But it is not unusual to assume that 
the answer found above is the corrected throat area if only because the equations 
in this chapter rest upon the assumption that the velocity distribution is uniform 
at any section of the nozzle (and, too, the amount of irreversibility is small) 
Actually, some non uniformity must be present, and this nonuniformity of velocity 
will be mcreased by friction since friction will probably be initiated rt the walls 
These elementary equations, then, are not precisely true, and therefore it can be 
assumed, for simplicity, that the answer given above is the throat area With 
this reasoning, it is not necessary to chart out the complete area-pressure 
relationships since a higher degree of precision is not warranted 

In the same manner the conditions at the mouth of the nozzle are found, 
although here the pressure is fixed by the receiver From Example 1 

hi = 1329 1 Btu/lb« 

Ahxsen = -1543 Btu/lb„ 

Fa = 2,775 ft /sec 

With these data 

Fa' = C.Faisen - 0 96(2,775) = 2,664 ft/sec 

The enthalpy is 

hs' = hi -h C\{Ah\tiea) 

« 1329 1 - (0 96)H154 3) 

« 1186 8 Btu/lbm 
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The specific volume corresponding to 

pi “ 20 psia hi' = 1186 8 Btu/lb^ 

IS found from the Steam Tables to be 

Vi' « 22 05 ftVIbm 

It 18 again noted that the effect of friction is to dissipate kinetic energy, hence, 
the velocity decreases and the enthalpy and specific volume mcrease From the 
continuity equation 

. mv 1 0(22 05) 

” V 2,664 
« 0 00828 ft* Ans 

Example 6 : Determme the dimensions for a nozzle that is to expand 1 Ibm sec"^ 
of air from a large system at 50 psia and 60 F to a discharge region at 10 psia 
Nozzle efficiency at the throat is assumed to be 0 98, and at the mouth 0 92 
(Velocity of approach is negligible, data are basically the same as in Example 2 ) 
Solution • (The comments m Example 4 apply, as well, to this solution ) The 
data from Example 2 are 


Pa = 26 4 psia 
Vaiev = 1,017 ft/aec 

Here the coefficient of velocity is 0 99 and 

V/ = 0 99(1,017) = 1,007 ft/sec 
The dissipation of kinetic energy equals 


VI- VI' (1,017)= - (1,007)= „ 

— ' — — ^ — Q ^2 Btn /In^ 

64 4(778 16) 

Hence, the enthalpy is increased bv this amount while the temperature mcrease is 

CpAf reheat = A/l, cheat 

0 42 

Afreheat = ^ 2 F 


The ideal temperature at the given pressure is 


T, = 433 R 

Hence, 

Tj - 433 + 2 *= 435 R 


_RT _ -4fi(435) 
p “ 26 4(144) 

- 6 10 ft»/lb,n 


The specific volume equals 
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and by the continuity equation 

^ _mv _10{6 10) 

^ V ^ 1,007 

A 2 ' = 0 00605 ft* Ans 

Here, for the same reasons as in Example 4, the answer, with adequate precision, 
can be assumed to be the throat area 
At the mouth of the nozzle 


Vi' = 1,515(0 92)i 
« 1,453 ft/sec 

The ideal temperature at the mouth is 

Ti « 328 R 


The reheat because of friction is 


Vl - VI' 

2Jgr 

A/reheat 


Hence, 

The specific volume is 


1,515* - 1,453* 


64 4(778) 


38 
0 24 


16 F 


-38 Btu/lb« 


= 344 R 


Vi - 

The area at the mouth is 


P 


10(144) 


12 72 ft»/lb« 


Ai' 


mv 

~V 


1 0(12 72) 
1,453 


= 0 00875 ft* 


Ana 


9-6. Expanded Velocity Equations. When Eq (9-5) is used for 
small pressure ratios, the difference term will approach zero Any 
slight variation in calculating this difference will lead to relatively 
large errors in the computed velocity To remedy this difficulty the 
term can be expanded^ into a power senes that is rapidly convergent 
By thivS means Eq (9-5) can be written for the ideal velocity 





(9-15a) 


1 MacLaunn^s senes 

m =/(0) +/'(0)x + 


Rewrite — in form 
Pi 
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and, for small pressure drops, 


2gcRTi 

\ 1 

1 

1 1 

1 [1 ■ 

- 


F2.ev = 

Equation (9-1 6a) can be rewritten by substituting 

RTr 


Pi 


- Vi 


to give 


72, 


^ ^2gcVi{pi 


— P 2 ) 


(9-16a) 


(9-17) 


The pressure difference {pi — p 2 ) could be balanced by a column ot the 
flowing fluid H ft in height and of constant density pi 


and 


Pi - P2 = piH ^ 


Viipi - Pi) = H ^ 
yc 

When this expression is substituted in Eq (9-17) (which is an approxi- 
mate formula tor compressible fluids), the familiar hydraulic formula 
18 obtained (which is an exact formula for incompressible fluids) 


Vz rev — ^ ^ ^ 4 ^ (9-18o) 

where H = differential head of flow in feet of fluid flowing 
g = local value of the acceleration of gravity 
Here the head is defined as a height’ the height of a column of the given 
fluid that will produce an effect equivalent to that of a certain pressure 


andlpt 


( ^ . A- — 1 

I — ** (1 — x)”* where in — — — 

\Pi/ fc 

/(O) = 1 f'{0) - -m /"(O) = mini - 1) m(m - l)(m - 2) 

Substituting m the senes, 


(1 - x)^ 



. , mim — 1) 2 L 

= 1 - 7nx d — X* + 

^ 1 - 1 f Pi - pA _ k - l ( pi - P 2 Y , 

A: V Pi y k 2k \ p, ) 
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In most cases the head is indirectly found by measuring the pres- 
sure with a manometer that uses a fluid other than the fluid flowing. 
When the pressure exerted by the system head is equated to that of the 
manometer (method is found m Table IX, Appendix), 

g _ 


PlH — = Zm{pm — Pi) “ 
Qc gc 


or 


H 


Zmi^Pm Pi) 


Pi 


(9-19) 


where Zm = manometer reading (ft) 

Pm — density of fluid in manometer (Ibm/ft®) 
pi = density of fluid flowing (Ib^^/ft®) 

Thus, from the manometer reading and Eq (9-19) the head can 
be calculated, with this value and Eq (9-18a) the velocity can be 
determined 

9-7 The Hydraulic Equation. In many flow problems of compressible fluids 
the simple hydraulic equations will give good approximations to the correct 
answers Such formulas can be obtained from the steady-flow energy equation 


Q — Tf == - Wi) -h {p2V2 — PlVl) + 


C^) 


+ (z2 “ zi) ~ (3-13) 

9c 


If this general equation is restricted to a system that does not involve heat or 
work or friction and the fluid in steady flow is incompressible, it will reduce to 


PiVi + h zi — = constant 


(Q-20a) 


Equation (9-20o) and its derivatives can be called Bernoulli* s theorem ' Each 
term has dimensions of energy 

pv = flow or pressure energy 

75 — = kinetic or velocity energy 

2 ^ = potential or height energy 

The equation can be changed to a different form by dividmg each term by the 
specific volume 


VI g 

P\ + Pi — -}- piZi — = constant 

' See also Eq (4-11), and Example 3, p 103 


(9-206) 
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Here, eaoh term has dimensions of pressure where 

static pressure 

dynamic or velocity pressure 
elevation pressure 
And if Eq (9-20b) is divided again by the specific weight 7, where 

7 = p — (Example 6, Chap I) 

Qe 

then, 

Pi 

— H + “ constant (9-20c) 

71 2 g 

[ft] H- [ft] + [ft] 

Here each term has dimensions of foot and therefore is a “head** 

- = static pressure head 
72 

— =* dynamic or velocity head 
2^ 

z = ele\ation head 

Thus, Bernoulli's equation can be interpreted to state that either the total 
energy or the total pressure or the total head remains constant during a fnctionless 
flow of an incompressible fluid in the absence of heat and work transfers For this 
reason the word head is often used to designate any term m these three equations, 
although it should be precisely used only for terms with dimension of feet, such 
as those of Eq (9-20c) 

9-8. Reynolds’ Criterion of Flow. The Reynolds number y Rcy is 
an important dimensionless paiameter of fluid flow Osborne Rey- 
nolds observed that the flow of fluids exhibits two characteristics. 
Under some conditions, annular elements of the fluid move in essen- 
tially straight paths parallel to the axis of the pipe with the greatest 
velocity at the center of the pipe and zero velocity for a very thin 
annular ring at the walls The distribution of velocity across the pipe 
diameter is parabolic (Fig 9-4a) This type of motion is called 
laminaVy streamhney or viscous flow As the velocity of the fluid is 
increased, the fluid acquires a radial component with the appearance 
of eddies, and the flow is said to be turbulent (Fig 9-45) In turbulent 
flow the velocity distribution tends to be uniform except at the walls, 
where the velocity must necessarily approach zero for a very thin 
boundary layer For flow in pipes, the velocity distribution for 
turbulent flow is such that the average velocity is about 0 8 of the 


P = 
Vi 

^ 2gc “ 
9c 
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maximum velocity For flow through a nozzle (Fig 9-4c) it can be 
safely assumed that the foregoing number approaches one 

The transition from laminar to turbulent flow will depend on the 
Re as well as on the straightness of the channel and on the lack of dis- 
turbances to the flow, such as those created by rough walls or by ht- 
tings If the Re is below 2,200, only laminar flow will be present 



{a)'iaTry(narisfTzam\fnt)flow in pipes 
Va./V^a^0S0 

He<2\00 

Fio 9-4 



(dhJurbuIcnf flow in pipe^ 

v„x„^os, 

Rojm 


1000 


r- 


l^/Vozjr/pj 
mouth ' 

(c }-VeloofYat moufh of rw^^te 
(Hotiel.Kalitmsky) 
KivA...>099 


Velocity distribution diagrainb 


Above this value the flow can be assumed to be turbulent 
can be evaluated by 

Ue = ^ 

M/Qc IJ>m 


The Re 
( 1 - 1 ) 


If the mass flow is known, then from the continuity equation 


oi 


m = = AVp 


Re 


1 27m 


(9-21) 


where m mass flow (Ib^/sec) 

D = diameter of round section (ft) 

/z/ = viscosity (lb/ sec/ft*) 

Mm ~ M/^c 

gc = dimensional constant (32 17 Ibm ft /lb/ sec^) 

Example 6, Calculate the Re for flow of air through an orifice of 1 820 in 
diameter at a rate of 1 173 lb„ sec”^ The temperature of the air is 60 F 
Solution : From Tables I and III, Appendix, the viscosity of air is 


Hence, 


Mm = 0 0000121 lb„/ft sec 

127m 1 27(1 173)12 

“ i>M« “ 1820(0 0000121) 
« 815,000 Ans 



274 


THERMOD YNA MIC8 


Example 7 : Calculate the kinetic energy for laminar flow 
Solution : In lammar flow the velocity distribution is parabobc , hence, at any 
radius the velocity is 

F = F_(i-:g) 


The average velocity is defined by the continuity equation 


AV^ 


i: 


dm 


The mass passing through any annular ring at radius r is 

{dA)V (2,rrdr) j 

am =* ^ 


But this equals 

Hence, 


V 


27rVmtx 

R^v 

fR 

fo 

^ F mix, 

2Rh^~ 

(R^ - 

TrRWm.. 

AF„„ 

2v 

2i; 




and V =2V^. 


(■-S) 


The kinetic energy is obtained by summuig the kuietic energy for each annular 

rmg 

fR , 0^3 fR 

KE - / — V^dm = / (722 _ r^)Zrdr 

Jo ^9c gdi^v Jq 




QcR^v 

ye 


QcV 


Ans 


Here it is seen that the kinetic energy for lammar flow is twice that computed 
by the usual assumption of uniform velocity However, in most cases turbulent 
flow IS present In pipe lines where the velocity distribution results m an average 
velocity of 0 8 of the maximum it will be found that the kmetic energy is half 
agam that computed by assummg a constant velocity Hence, for preciseness 
the velocity distribution should be mvestigated, but this refinement is rarely 
necessary For flow through nozzles, however, the kinetic energy wiU closely 
approach the usual figure of {\/2gc)mV^ 

9-9. The Ideal Mass Flow Rate for the Nozzle. The most general 
equation for the ideal mass flow rate through the nozzle can be found 
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by combining the continuity equation with Eq (9-3) : 


Wlrev — F cA 



(9-22) 


Equation (9-22) is valid for all fluids By restricting the fluid to one 
that obeys, or approximately obeys, the laws governing perfect gases, 
equations can be obtained in terms of pressure, temperature, and 
specific volume The continuity equation can be combined with Eq 
(9-56) [in the manner followed m deriving Eq (9-6)] 


= FM, [ (j) - 1=0 (9-23a) 

= [ (rj - (r,)^ J.-c (9-236) 

And if still more approximations are permissible, the expanded forms 
of the velocity equations [Eqs (9-15a) and (9-17)] can be used 


mrev 

fTtrev 


m 

Fc 

A 

R 

fp 

T 

V 

V 

h 


9c 


FA 


FA 


^ 29cPirp^ \ !H - pi L 1 tPi - P2\n 


-4 


l2gc(pi - Pi) 


mass flow rate (lb;n/sec) 
coirection factor for velocity of approach 
: area (ft^) 

. , /l,545ftlb/\ 

= specific gas constant C I 

pressure ratio at section 2 
temperature (R) 
pressure (lb//ft^) 

■ specific volume (ft®/lbm) 

: enthalpy (Btu/lbr^i) 

dimensional constant (32 17 - ) 

\ lb/ sec^/ 


(9-24) 

(9-25) 


Which of these equations should be used in solving a particulai 
problem will depend on a number of conditions 


1 The accuracy in measuring pressure and temperature, 

2 The accuracy in calculating the specific volume (compressibility 
data should be used) , 
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3. The accuracy of the assumption that the perfect-gas laws are 
adequate; 

4 The accuracy of assigning to /r a constant value , 

5 The permissible error in the answer 

Of course, whenever possible, Eq (9-22) should be used, but, even 
then, results may be encountered that are not as yet anticipated (Art 
9-17) Note that, when a slide rule is used for computations, Eq 
(9-24) may be more accurate than Eq (9-23) Equation (9-25) is 
best used as a first approximation to the answer 

Since the mass flow is constant throughout the nozzle, it is con- 
venient to select the throat to be the section designated by the sub- 
script 2, if only because the dimensions and the pressure at the throat 
of a nozzle are more easily measured or computed than at other sec- 
tions ^ For note that Eq (9-23a) 
differs from Eq (9-6) only by the 
area factor A 2 , and therefore the 
critical pressure ratio found for Eq 
(9-7) or (9-8) applies as well to Eq 
(9-23) Because of this, when the 
pressure at the throat reaches the 
minimum pressure of the critical 
ratio, not only does the velocity 
remain constant for any additional 
decrease in exit pressure but the 
mass flow rate also remains con- 
stant. This constancy of throat 
conditions is illustrated in Fig 9-3 
for here the over-all pressure ratios 
for tests C, D, and E are different, 
although the throat pressure ratios are the same and therefore the 
mass flow rates for all three tests must be equal 

In test A (and probably test B) the mass flow rate will be less than 
that of the others, for here the minimum throat pressure has not been 
reached and therefore the velocity at the throat has not attained its 
maximum value 

In Fig 9-5 the mass flow rate is shown plotted against the pressure 
ratio at the throat of the nozzle If the mass flow rate is calculated 
from Eq (9-23) for assumed throat values of from one to zero, note 
that the curve ABC results and, if p* approached zero, the flow would 

^ And, invariably, the correction factor is based upon the throat diameter 



Flu 9-6 Variation of mass flow rate 
with throat pressure ratio for nozzle 
or venturi 
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also approach zero But since pt can never fall below the critical 
pressure, the decrease from B to C is unreal and the actual flow rate is 
shown by curve ABD 

9-10. The Actual Mass Flow Rate for the Nozzle. A coefficient of 
discharge is defined as the ratio of the actual mass rate of flow to the 
ideal rate of flow that theoretically could be attained by a reversible 
expansion from the initial state to the final state; 

^ _ actual mass rate of flow ^ 

ideal mass rate of flow A/v 

The actual flow rate is found by test while the ideal flow rate is 
calculated by one of the equations in Art 9-9 In this manner the 
coefficient of discharge and the variations in the coeflicient that will 
accompany any change in operating conditions are determined. If 
sufficient data of this kind are available, then it is possible to predict 
the value of the coefficient of discharge for a test and therefore find, 
quite simply, the mass flow rate. For the ideal rate determined by 
one of the equations in Art 9-9 can be multiplied by the coefficient 
of discharge to yield the actual rate 

Equations (9-22) and (9-23) are often referred to as adiabatic 
equations (although the precise term iseniroptc would be a better 
name), and for this reason the discharge coefficients for these equations 
are called adiabatic coefficients of discharge Equation (9-25) is the 
well-known hydraulic formula, and therefore its discharge coefficient 
IS called a hydraulic or a water coefficient of discharge 

The factors influencing the coefficients of discharge are discussed 
in following articles 

Example 8 Determine the dimensions for a nozzle that is to expand 1 lb„ sec"* 
of steam from pi = 100 psia and h = 600 F to p 2 == 20 psia if the coefficient of 
discharge is 0 98 and velocity of approach is neghgible (Data are basically the 
same as for Examples 1 and 4 ) 

Solution: Equation (9-22), corrected with a discharge coefficient, is applicable 



At the throat (data from Example 1) 

pt 54 6 psu 
(Ah)iMta = 64 1 Btu/lbm 
Lwm “ 9 844 ftyibm 
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When these values are inserted m Eq (9-22) 


10 

At 


0 98.4 
0 0066 ft* 


1 , 4 


2(32 17)778(64 1) 
(9 844) 

Atis 


(Compare with Examples 1 and 4 ) 

In similar manner the area at the mouth of the nozzle can be found (data from 
Example 1) 


10 

Ai 


/ 2(32 17)778(154 3) 
0 98^2 ^ ^21 279)* 

0 00783 ft* Ans 


(Compare with Examples 1 and 4 ) 

9-11. Standards for the Venturi and the Flow Nozzle. In many 
applications the measuring device is a permanent part of an industrial 


Mam 
, sechon 


Throaf sechon 



Fio 9-6 Venturi 


system , therefore, the device should not introduce a loss, for a loss will 
cause an additional expense in pumping costs For this reason the 
venturi is preferred as a means for measunng flow and is the standard 
meter for water or steam flows m many industrial applications In 
Fig 9-6 a venturi and manometer are illusti ated The venturi is made 
of cast iron or steel, with bronze or monel linings to minimize corrosion 
Most styles use a piezometer ring or annular space at both the inlet and 
throat communicating with the flow chamber by a series of radially 
drilled holes This construction ensures that the average pressure is 
being measured, and it also acts as a safety factor against the possi- 
bility of one hole becoming plugged The approach to the throat is a 
frustrum of a cone with angle of 25 to 30 deg, the diameter of the 
throat being one-fourth to one-half of the pipe diameter, and the length 
being one-half of its own diameter The downstream section or 
diffuser is a cone with angle of 7 deg or less The over-all loss in 
pressure can be estimated to be roughly 10 per cent of the differential 
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pressure. Figure 9-7 illustrates the variation of the coefficient of dis- 
charge for different sizes of venturi. The size is given by stating the 
pipe diameter and throat diameter The coefficient of discharge is 
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Fia 9-7 Venturi discharge coefficients (from reference 1) 

affected mainly by the Reynolds number, and foi high that is, 
highly turbulent flow conditions, a value of 0 98 can be used as an 
approximate value 


Corner 



A flow nozzle consists of a short cylinder with one end flared to form 
the entrance to the nozzle (Fig 9-8) The purpose of the cylindrical 
throat is to ensure that the fluid will leave the nozzle without contrac- 
tion in order that the area of the throat and the jet may be considered 
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equal In effect, the flow nozzle is a venturi without a diffuser; hence, 
the loss of head from failure to recompress the high-velocity flow may 
vary from 30 to 90 per cent of the differential. These values corre- 
spond to values of P from 0 8 to 0 2 

Two types of pressure connection are in use, comer taps and pipe 
wall taps, as illustrated in Fig 9-8 The manometer differential for 
the corner taps will be slightly higher than that for the pipe taps 
because of the pressure build-up from impact at the corner location, 
hence, the coefficient of discharge will be slightly lower For either 
type of connection, unless high accuracy is desired, the coefficient of 
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I'lG 9-9 Discharge coefficients of long-radius flow nozzles * 

discharge can be selected fiom Fig 9-9 * (And foi best acciiiacy, 
consult Reference 7 ) 

9-12. Standards for the Orifice. Probably the oldest device for 
measuring the mass flow rate is the thin plate orifice constructed in the 
manner of Fig 9-10 The orifice is installed with the sharp edge on the 
upstream side and beveling, if any, on the downstream side. The pres- 
sure in front of the orifice may be slightly higher than the true pressure 
because of impact. In passing through the orifice the pressure drops 
abruptly, reaching a minimum value at the vena contracta or location of 
smallest jet diameter At this point all filaments of the flow become 
parallel Beyond this point the pressure increases as the fluid is 
decelerated, and this action is accompanied by considerable turbulence 
from lack of a diffuser section Hence, the downstream pressure is 

* Bean, H S , S R Beitler, and R E Sprenkle Discharge Coefficients of 
Long Radius Flow Nozzles, Trana ASME^ 63 (No 6), 439—445 (July, 1941) 
(Although Fig 9-9 is for 2-m pipe with pipe wall taps, it can be used without 
significant error for other pipe sizes ) 
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considerably lower than for a venturi and of the same order as for a 
flow nozzle 

Inspection of Pig 9-10 indicates that the pressure differential 
measured on a manometer will be influenced by the location of the 
pressure taps with respect to the orifice. Figure 9-11 shows the 
standard dimensions for locating the various types of pressure taps 
The vena contracta taps will give the highest differential pressure and 
this ensures best accuracy However, the inconvenience exists of 
locating the section of minimum pressure Plate and corner taps allow 
the openings to be made in the orifice plate that can be inserted into the 
pipe line at any convenient flanged joint without the necessity of 
drilling and tapping the line 



Fio 9-10 Flow through thln-plate sharp-odged orifice 


In flowing through the orifice plate, the jet contracts to an area of 
about 0 6 that of the orifice, and therefore the flow coefficient, which is 
based upon the orifice area, is much less than unity The orifice must 
be carefully constructed if predetermined discharge coefficients are to 
be used without a calibration test because, for example, rounding of 
the inlet corner will decrease the jet contraction, thus increasing the 
leal flow area and therefore increasing the quantity of flow The mass 
flow rate can be predicted by the adiabatic (so-called) formulas 
[Eqs (9-22), (9-23), and (9-24)] if the “adiabatic’’ coefficient of dis- 
charge 18 found by calibration This coefficient, however, will vary 
markedly wuth change in flow conditions. Moreover, the phenomenon 
of the critical ratio does not appear for sharp-edged orifices, or else it is 
obscured by changes in the low discharge coefficient, because experi- 
ments show that the mass flow rate continues to increase as the pressure 
ratio is decreased below the critical (Fig 9-17a) 

Example 9 • Air is flowmg through a 6-in pipe and is metered by a 1 820-m 
thin plate orifice with flange taps The “adiabatic” coeflficient of discharge from 
calibration tests is 0 68, and the manometer depression is 20 in Hg The upstream 
temperature of the fluid is 60 F, and the pressure is 30 psia Compute the flow 
rate 
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The diameter ratio p is 




1 820 
6 065 


03 


where the inside diameter^ of the pipe is used, and not the nominal size The 
specific volume of air for this low pressure can be found by the perfect-gas equation 


Vi 


Pi 


HtH 620 ) 

30(144) 


» 6 41 W/\hm 


When these values are substituted along with fc = 1 4 in Eq (9-236), with a 
coefficient of discharge C, 


rn = CA^Fc 





4(144) 
= 1 173 Ib^/sec 


Vl-(0 3)H0 672)1 ^ (0 4)6 41 


V 


'64 4(1 4)30(144) 


^1— (0 6721 4^1 _o 6721 713) 


Am 


In measuring the flow of gases in large ducts, thin plate orifices are 
used either m the duct itself or at the inlet or discharge end Duct 
orifices must be preceded and followed by considerable lengths of 
straight pipe, for this reason, either inlet or discharge orifices are 
preferable The orifice^ is made from a plate to in in thickness 
without chamfer or bevel on the downstieam side, and sharp-edged 
on the upstream side It matters not weather a corner or a flange tap 
IS used 

A coefficient of discharge of 0 60 can be used for routine calculations 
with Eq (9-25) for either inlet or discharge orifices 

9-13. Factors Affecting Flow Measurements. Proper installation 
of the flow metering device requires that the element be far removed 
from fittings, valves, or changes in direction of the piping that will 
cause disturbances to be created in the flow Specific rules® for all 
types of installations are many , a fairly safe rule is to ensure that the 
metering element is preceded by a length of thirty diameters and 
followed by a length of four diameters of straight pipe When diffi- 
culty is experienced in meeting these requirements, straightenmg vanes 
(Fig 9-12) can be used, located a distance of at least ten pipe diam- 
eters upstream from the element 


7 There arc over twenty different inside dimensions for the 6-m nommal pipe 
size 

^ Marks, L S Square-edged Inlet and Discharge Orifices, Trans ASME, 
68 (No 8), 593-597 (November, 1936) 

3 Sprenkle, R E Piping Arrangements for Acceptable Flowmeter Accuracy, 
Trans ASME, 67 (No 5), 345-360 (July, 1945) 
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If the flow IS pulsating, means must be devised to eliminate the 
uneven flow before the fluid reaches the primary element, or consider- 
able error will be present. One 
method is to mtroduce into the line 
a receiver or tank preceded and 
followed by throttling orifices to 
damp out the pulsations The 
Fig 9-12 Straightening vanes existence of pulsations in the line 

can be determined by an indicator (Art 4-5) 
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jDil4 




• Di/4 ^ 
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9-14 ASMS Fluid Meters Report.^ The bible on fluid flow for the mechanical 
engineer la the Fluid Meters report of the AS ME Here are listed the coefficients 
of discharge and the procedures to be followed m accurately measuring a flow 
rate of either gases or hquids Smce the engineer turns to this report whenever 
a discharge coefficient must be assumed, it will be well to examine the form of 
presentation The AS ME proposes as a general equation for the flow nozzle 
and venturi the relationship 

m 0 h2bK^D\ y/ pi{pi — p^) (9-27) 


w here m « mass flow rate (Ibm sec“0 

K = combined discharge and approach factor coefficient 
0 = ‘'adiabatic” expansion factor 
/>2 = diameter of throat (m ) 

Pi = upstream density of fluid (Ib^ ft" 3) computed from compressibility 
data 

(pi — Pi) “ differential pressure across element (lb/ m "*®) 

A rational development of Eq (9-27) can be made from Eq (9-236) corrected by 
a discharge coefficient C 


CFeA2 


2grkpi r 
\(k - l)vi •- 


(rpF - (rp) 


k 


L 


This expression can be rearranged into several parts for similarity with Eq (9-27) 
(the expanded value of the correction factor is inserted) 


\/2ffr)r(l2) C 


4(144) y'l _ 0, 


d; 


0 525 


K 


Dl 


r „ , . . ^ 

^2 

[ 

AS 

A 

1 

>4 (•If 



Vpi(Pi “P 2 ) 


0 

V Pi(pi - Pa) 

(9-28) 


Here it is recognized that the mass flow depends upon a flow coefficient K, an 
expanexon coeffi/nerU 0, and the hydraulic formula y/pi(pi—p 2 ). 


^ See references 1 and 7» 
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When a hquid is metered through a well-formed venturi or flow nozzle, will 
be 1 0 because no expansion occurs, and K can be computed from the measured 
mass flow Thus, K is found to be a function of Z>, and Now when a 
compressible fluid is metered with the same primary element, the only change 
that will occur will be that the fluid will expand The expansion will be at all 
times guided by the area of the nozzle Hence, a nozzle coefficient C (or K), 
determined by a relatively simple test on a hquid such as water, can be modified 
by the factor <f> to predict the mass flow of a compressible fluid That this reason- 
ing 18 correct has been proved by test 

For the square-edged orifice, the expansion factor 0 cannot be calculated 
from Eq (9-28) because a compressible fluid will expand both longitudinally and 
transversely from lack of control of the expansion process The general equation 
for the orifice is similar to Eq (9-27) 

m « 0 525KYyDl Vpilpi~-~P2) (9-29) 

Here the factor Fi replaces values of Fi are determined by experiment 

The Fluid Meters report lists values of K for flange, vena coniracia^ and pipe 
taps for different pipe sizes One of these tables is it produced as Table 9-2, note 


Table 9-2 — Flange Taps”^ 

Values of the Flow Coefficient A', Velocity-of-approach Factor Included, for 
Various Sizes of Pipe and at Reynolds Numbers Re (Corresponding to the Headings 
of the Different Columns 
For 6-in Pipe 


a 











0 5973 

0 5950 

0 5942 

0 593b 

0 5932 

0 5929 

0 5927 




0 5981 

0 5972 

0 5965 

0 5959 

0 5957 

0 5954 





0 5994 

0 5987 

0 5981 

0 5978 

0 5976 






0 6013 

WKlIjM 

0 600 Jf. 

0 6002 



0 6145 

0 6113 


0 6095 


0 6085 

0 6082 



0 6328 

0 6276 


0 6246 

0 6236 

0 6231 

0 6226 


0 6836 

0 6658 

0 6569 

■iBwB 

0 6515 

0 6498 

0 6488 

0 6481 



0 7199 


0 6998 

0 6958 

0 6938 

0 6913 

0 6899 


0 8017 

0 7616 

0 7417 

0 7348 

0 7294 

1 

0 7255 

1 - 


0 7217 


* Abstracted from reference 1 


that the values for K are plotted agamst Re, a number with value determmed 
by m, which is unknown To solve a flow problem, the Re must be assumed, 
K found from the table, and m calculated by Eq (9-29) This trial method is not 
difficult because the values for K do not change rapidly with change of Re 
Experimental values for Ki are shown m Fig 9-13, for liquids Ki = 1 0 
Example 10: Suppose in Example 9 that the “adiabatic coefficient were 
unknown Determine the flow rate and compare the coefficient of discharge with 
that of Example 9 
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Solution: Assume for the first trial that Re is 500,000 By Table 9-2 and 
Fig 9-13 for values of ^ * 0 3, *= 0 672, 

K = 0 6007 
Fi = 0 91 

When these values are substituted m Eq (9-29), 

771 “ 0 b2^KY jDl \/ — pz) 

- 0 525(0 6007) (0 91) (3 31) Vo 156(9 82) 

= 1 173 Ibm/sec Ans 



0 010 020 OSO >40 0 010 0 20 0 30 0 40 

Values of Values of 

Pi Pi 


Fio 9-13 Values of the experimental expansion factor Fi for orifices (flange, radius, 
and vena contracts taps) (from reference 1 ) 


From Eq (9-28) 


compared with 


K = ^ 

Vi - 

C = 0 6007 Vl - 0 0081 
Chyd = 0 600 A ns 

CadJa = 0 68 


Coefficients calculated by the ASME method do not vary over as wide limits as 
do the adiabatic coefficients 


9-16. Temperature of a Moving Stream. The true temperature 
of a moving fluid is the temperature that would be shown by a measur- 
ing instrument moving at the same speed as the fluid However, the 
practical measurement of temperature is accomplished by instruments 
that are at rest relative to the fluid, and the mass-flow impact on the 
measuring device will give a higher reading of temperature than the 
true reading 

Theoretically, the kinetic energy of the moving fluid could be 
utilized to compress isentropically the fluid to a state of higher pressure, 
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higher temperature, and zero velocity The temperature at this state 
of zero velocity is called the stagnation temperature or total temperature 
Note that for gases that follow the perfect-gas relationships the stag- 
nation temperature can be attained without isentropic compression. 
For by the First Law, applied to an adiabatic process in the absence of 
work, the change m kinetic energy of a stream is equal to the change in 
enthalpy; and the enthalpy of a perfect gas is a function only of 
temperature. 

A temperature measuring device in a high-velocity stream will cause 
the fluid directly in front of the obstacle to be more or less isentropically 
compressed with attainment of a temperature that would approach 
the stagnation temperature. However, the thermal meter may not 
approximate the true stagnation temperature because a number of 
other factors will intervene. For example, there will be a radiation 
loss from the hotter thermometer 
to the colder gas and walls, fric- 
tional effects of the fluid flow on 
the indicator will be affected by the 
properties of the fluid, such as its 
viscosity, while the shape and rela- 
tive position in the fluid stream will 
also enter the problem For these 
reasons the measured temperature may be greater or less than the 
stagnation temperature The recovery factor of the measuring device 
is defined as 


SheL 


No 301 C fhermocouph 
002S"sp/?ere 


“X 


nz 




-025- 


\0d7I 009S 


3-0023 "bleed hohs 
equally spacexi 

Fig 9--14 Total temperature probe 
(Pratt and Whitnev design) 


X = 


T indicated — T static 
T stagnation — T static 


(9-30) 


For air and most gases the recovery factor is less than one Twisted 
wire thermocouples in air have recovery factors^ of 0 73-0 84 The 
higher values are obtained by axial flow over the couple and the lower 
values are for transverse flow 

For high velocities, probes are used to assist in the deceleration of 
the fluid and to guard against radiation errors In Fig 9-14 is 
illustrated^ a probe for high-velocity stream measurements for condi- 
tions where the stream temperature and wall temperature are of the 
same order. In this probe, the high-velocity fluid is brought essen- 
tially to rest and the temperature measured by the thermocouple. 
Bleed holes allow a small but continuous flow past the thermocouple 


^ Hottel, H C , and A Kalitinsky Temperature Measurements in High 
Velocity Air Streams, J Applied Mechanics, 12 (No 1), A25-A32 (March, 1945) 
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Radiation losses are negligible because of the shielding effect of the 
enclosed tube, which also acts as a diffuser Recovery factors of 0 98 
are reported for this probe for velocities under and slightly over the 
acoustic velocity 

The problem is more complicated if the temperature of the fluid is 
high compared with that of the wall, for radiation losses will increase 
considerably To reduce such losses, multiple shields must be used as 
illustrated^ in Fig 9-15 This design, however, is for low- velocity 
work, and conditions of high velocities and high temperatures would 
necessitate a combination of the two designs (Figs 14 and 15) 



9-16. Pressure of a Moving Stream. The true static pressure of 
a fluid in motion is relatively easy to measure compared with the true 
static temperature. Either a piezometer ring or a small radial hole 
into the pipe line will enable the pressure to be measured However, 
the hole must be so located that no opportunity exists for impact, or a 
high pressure will be encountered If the flow is pulsating, standing 
waves of pressure variations may exist and different static pressures 
will be experienced along the length of the pipe. 

The stagnation^ totalf or impact pressure is the pressure that could 
be theoretically attained by utilizing the kinetic energy of the fluid to 
compress isen tropically the fluid to a state of higher temperature 

^ King, W J , Measurement of High Temperatures m High-Velocity Gas 
Streams, Trans ASME, 05 (No 5), 421-431 (July, 1943) 
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(stagnation), higher pressure, and zero velocity The impact pressure 
IS measured with a pitot tube; two styles are illustrated in Fig 9-16 
In Fig 9-16a only the impact pressure is read and the static pressure is 
measured separately This is the best method because the static 
pressure can be measured at a location preceding the pitot tube, and 
therefore disturbances in the flow stream created by the instrument 
are avoided In Fig 9-166 both static and impact pressures are 
measured by openings on the instrument. If these two pressures are 



To rnanometer ^ manomefer 


KIEL PROBE COMBINED PITOT TUBE 

( High velocity) (Low velocity ) 

(Pratt ft Whitney dimensions) 

(a) 


Fig 9-16 Pitot tubes 


communicated to separate legs of the manometer, the difference is that 
pressure due to velocity or the dynamic pressure 

The fluid directly in front of the pitot tube can be considered to be 
isentropically compressed while its velocity becomes zero The impact 
pressure at the tip of the tube can be computed on this assumption 
The action is the direct opposite of expansion from a region of zero 
velocity; hence, Eqs (9-56), (9-15a), (9-16a), and (9-18a) can be trans- 
formed to this inverse case 


j2gc/cRTo 

b-m 

(9-5c) 

= ^2ffcRTo 

1 Po - Pi 1 1 /po - PlV] 

L Po '^2k\ po Jj 

(9-151)) 

= yj2gcRTo ^ 

Po - Pl\ 

< Po / 

(9-1 6^)) 

= 

(9-186) 
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where V i = velocity approaching pitot tube (ft/sec) 

Pi = static pressure in pipe 
po — impact pressure 
H = differential head of flow (ft) 

To = temperature in region defined by po (R) 

R = gas constant 

It would appear that there are two unknowns V\ and To if Po and pi 
are measured with an impact tube and a pressure gauge However, 
the temperature shown by the thermometer in Fig 9-16 will be Tq if 
the recovery factor is 1 0, or the stagnation temperature can be calcu- 
lated if the recovery factor is known 

The value for velocity determined by the impact tube should be 
modified by a coefficient known as the instrument factor This factor 
cannot be called a coefficient of discharge, for no flow passes through 
the impact tube For low- velocity work the instrument factor can be 
considered to be 1 0 The instrument should be mounted parallel to 
the pipe and at least thirty pipe diameters from fittings 

For velocities above the acoustic, a compression shock may and 
probably will occur at the entrance to the tube, and the supersonic 
velocity IS irreversibly reduced to a subsonic value The subsequent 
compression as the velocity is reduced to zero does not reach the true 
stagnation pressure, which can be attained only by an isentropic com- 
pression Hence, in most cases the pitot tube is used for velocities 
below the acoustic velocity 

The velocity determined with a pitot tube is a point velocity, and a 
traverse of the pipe must be made to find the variation of velocity 
across a diameter An average velocity is determined by dividing the 
pipe into a number of equal annular areas and finding the average 
velocity of each area The average velocity for the pipe is the average 
of the resulting numbers. Note that this is not an average of the 
pitot tube reading, for the readings are related to the square of the 
velocity 

In the case of a circular duct it is customary to divide the cross 
section into one central area and four concentric rings each of equal 
area. By placing the pitot tube at the mean radius of each of these 
areas, the velocity pressure for that area is found The locations^ of 
these points in a duct of radius R are 0 316J?, 0 548i?, 0 707/2, 0 837/2, 
and 0 949^ It is better practice to take these readmgs on both sides 
of the center line of the duct; thus, there are 10 readings m all, giving 
* Consider that 10 equal areas are desired to be estabhshed m a circular duct 

I 


1,545 ft lb/\ 
M lb„R/ 



THE FLOW OF FLUIDS 


291 


rise to the descriptive name ten-point method. For some work two 
traverses are made at right angles to each other, and thus there are 20 
readings 


Example 11 ; A 4-ft diameter duct carrying air of density 0 0736 Ibm ft”® is 
traversed by a pitot tube usmg the ten-point method The readmgs m mches of 
water at 72 F from one side of the duct to the other are, respectively, 0 210, 0 216, 
0 220, 0 219, 0 220, 0 220, 0 218, 0 219, 0 220, and 0 216 Fmd the average 
velocity and the mass flow (local g = go) 

Solution; The velocity at each point can be calculated and then averaged, 
but it IS quicker to average the square roots of the readings 


+ ^ . 04668 

The densities of water and air are 


By Eq (9-19) 


« 62 3 lb„/ft» 

Pi = 0 0736 lb,„/ft® 

Mean Zm = 0 216 in H 2 O 

_ 2m(pm - pO ^0 216(62 3 - 0 074) 
Pi (12)0 074 

“ 15 1 ft of fluid flowing 


By Eq (9-18b) (if g = go) 

V s= \/2gH =a \/ 64 4(15 1) = 31 2 ft/sec Ans 
while by the continuity equation 

AV nr 

m - ^ « I ( 42 ) (31 2)(0 0736) = 29 lb«/sec Ans 


9-17. The Metastable Flow of Fluids. Whenever a fluid passes 
over a phase boundary, it is usual to assume that a phase change occurs 
at the same instant However, if the passage of the fluid over the 
phase boundary is swift, the phase change may be delayed, and a 


“ rl) 


of radius R Then, 

Trr\ = Tr(rl - rl) = 7r(rl - rl) 

If these areas are equal, 

rl = 2r* rl = 3r? * lOr? 


Therefore, 


ri 


VlO 


r^R 


r = ^ P 
Tz “ 7 =. It 

VlO 


Vs „ 

rj »• —y=. R 

VlO 


r, =» R etc 

VIo 


And now radu ri, n, rj, etc , are the mean values for five equal areas 


r = 0 316fl, 0 548fl, 0 707B, etc 
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metastable state may be attamed For example, if steam is expanded 
in a nozzle from the vapor region to the two-phase region, at some stage 
of the expansion the saturation line will be crossed and, at the same 
instant, the steam should begin to condense. However, tests show 
that the condensation may be delayed until some lower temperature 
and pressure are attained before a sudden condensation occurs in the 
form of a vast number of extremely small droplets The steam in the 



Fig 9-17 The mass flow rate of water through orifices (a) Saturated water and 
sharp-edged orifice with constant initial pressure of 145 psia (from reference 3) (6) 

Saturated and subcooled water and rounded entrance orifice (more cJoseJ>, a flow nozzle) 
with constant discharge pressure of 14 7 psia (From D H Yarnall’a discussion in 
reference 3 ) 


interval between crossing the saturation line and condensing is m a 
metastable state and is said to be supersaturated The same phe- 
nomenon occurs if saturated water is expanded through an orifice It 
would be expected that the ebullition of vapor bubbles would occur as 
the water first entered the orifice because the pressure would be lower 
than the initial saturated pressure, but tests indicate that the phase 
change is delayed Water, being relatively dense compared with the 
expected water-steam mixture, will allow a greater mass flow than the 
theoretical phase-equilibrium flow This is illustrated by the test^ 
results m Fig 9-17a, which show, too, the absence of a critical ratio for 
^ Reference 3 
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the actual sharp-edged orifice If the orifice has a rounded approach, 
a change in phase may occur to some extent, but even here a much 
greater mass flow is experienced than would be expected from phase- 
equihbrium calculations (Fig 9-176) 

Supersaturation of steam has been studied by several investigators ^ 
In the normal course of events condensation of steam begins when the 
kinetic energy of the molecules is not sufficiently great to overcome the 
attractive forces between molecules; here and there throughout the gas, 
molecules are attracted to each other and group together to form a 
nucleus for further growth. As these molecular groups get larger, 
they become tiny droplets of condensate Such a molecular piocess 
does not require a great amount of time, but expansion m a nozzle 
happens in an extremely small interval of time, and the temperature 
may be falling at a faster rate than the speed of agglomeration When 
this delay in condensation occurs, the driving force for the molecular 
grouping 18 greatly increased because all through the gas will be 
molecules with insufficient energy to resist the molecular interat- 
traction Condensation begins at a rapid rate because, for the pres- 
sure experienced, the temperature is lower than that demanded for 
phase equilibrium. 

The method^ used by Yellott^ is to expand steam through a nozzle 
that contains an axial tube with a ring of small radial holes communi- 
cating the pressure to a manometer The tube can be shifted along 
the axis of the nozzle to measure the pressure at any stage of the 
expansion The nozzle has glass sides to allow the flow to be observed 
by illumination from a beam of intense light passed axially along the 
nozzle The entering steam is quite transparent; but, when con- 
densation occurs, the light is scattered by the great number of small 
water droplets that form in the steam Moving the axial search tube 
to this location allows the pressure at the start of condensation to be 
measured (see Fig 9-3) 

From his experiments on convergent-divergent nozzles, Yellott 
concluded that, for pressures up to 300 psia, the condensation pressure 
IS below the critical pressure ratio computed for superheated steam, 
for this reason condensation occurs in the divergent section of the 
nozzle Thus, supersaturation prevails beyond the throat of a nozzle, 
and the flow should be calculated on the basis of the metastable 
equilibrium instead of on the basis of thermal equilibrium between 

‘ References 2, 4, 5, 6 and their bibliographies 

2 Reference 2 

“ References 4 and 6 
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vapor and liquid particles. To calculate the state of supersaturated 
steam, the perfect-gas equations can be extrapolated into the metasta- 
ble region In other words, although a phase boundary is crossed, 
condensation is delayed, and the empirical equations for superheated 
steam [Eqs (9-9a) and (9-lOa)] and the perfect-gas equations [Eqs 
(9-5) and (9-23)] are closer approximations to the supersaturated state 
than the thermal-equilibrium equations (9-1) and (9-22) In effect, 
the flow of the metastable fluid from entrance to throat of the nozzle is 
a reversible expansion because delayed (and therefore irreversible) con- 
densation does not occur until after the throat has been passed 
Conceivably, the flow before condensation could be reversed and the 
initial state regained, thus, the metastable flow is a reversible^ flow 
For this reason the polytropic exponent in the perfect-gas equations, 
applied to the metastable state, will retain the value for an isentropic 
expansion of superheated steam 

The effect of supersaturation on the velocity and mass flow of 
steam will be considered in the following examples* 

Example 12* Saturated steam at 50 psia flows through a round nozzle, with 
throat diameter of 1 in , to a discharge pressure of 30 psia Calculate the ideal 
velocity and the ideal flow rate if velocity of approach is zero and phase equilibrium 
IS assumed at each stage of the expansion 

Solution* If phase equilibrium is mamtained, condensation will begin at the 
very start of the expansion, and the pv relationship will follow closely the empirical 
equation 

pv^ = C (9-9b) 

The critical ratio is closely 0 58 [Eq (9-106)], and the corresponding pressure is 

p = 50(0 58) = 29 psia 

In this case the nozzle can be made convergent because the exit pressure of 30 psia 
IS above the value for the critical ratio 

The thermal-equilibrium velocity can be found from Eq (9-3) 

Erev “ "V^2«/^c(6>i ^2)1000 

From the Steam Tables 

At bQ psia At ZO psia 

ai = 1 6585 Btu lb;,' F-i «/ = 0 3680 1 3313 

hi = 1174 1 Btu lb-' Vg = 13 746 hf„ = 945 3 

t;i «= 8 515 ft* lb-' hf «= 218 82 

^ After the condensation, if the process were reversed, the same series of states 
could not be retraced, and the change of state into dry steam would occur at a 
temperature higher than the condensation temperature expenenced in the expan- 
sion process 
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Solving for quality at constant entropy, 

«/ + XSfg 
X 


1 6585 

1 6585 - 0 3680 


-0 97 


X 3313 

V2 « 13 746(0 97) = 13 3 ftVlb« 

/i 2 = 218 82 + 0 97(945 3) = 1134 8 Btu/lb^ 

Substituting these values m Eq (9-3) (and y/ 2gcJ “ 77), 

Fa rev « 223 77 \/ll74 1 - 1134 8 = 1,398 ft /sec 

The ideal mass flow for an expansion through a continuous series of equilibrium 
states IS 

AV _ (7r/4) (1/144) 1,398 

” K 13 3 

=* 0 574 Ibr^/sec Ans 


Example 13: Repeat Example 12, but assume the flow is supersaturated and 
that the perfect-gas equations will adequately portray the true conditions 
Solution : Equation (9-56) will be used with pv substituted for RT 

y... - 

Substitute 

Pi = 50(144) lb//ft2 = 8 515 ftVIbm k = 1.31 

(where k is found from Fig 8, K K Steam Tables) 


V, „v = 8 02 7200(8 515)[1 - (0 6)" =”] 

*= 1,372 ft/sec 

Hence, the velocity attained m the supersaturated state is less than the velocity for 
phase-equilibnum expansion 

The specific volume of the gas at the throat is 

{fy 

- 8 515(1 660)0 
= 12 55 ftVlb 


Note that the specific volume is less than that found in Example 12, therefore, the 
density is greater 
The mass flow is 


(7r/4)(l/144)1372 
12 55 

0 597 Ibm/sec Ana 
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The mass flow is greater than that found m Example 13 Note that in the actual 
teat the value of 0 697 ibw sec“^ would be approached and not 0 574 Ib,^ sec“', hence 
if the test had been based on the latter value as the ideal value, the discharge coeffi- 
cient would approach 


^ 0 597 

“ 0 574 


1 04 


(''oefficients of discharge over 1 0, such as this, led to the study of supersaturation 
The temperature at the throat can be calculated from the poly tropic relation- 
ship 

h 

“ \pj 

T, « 741(0 887) « 658 R or 198 F 

The phase-pquilibrmm temperature corresponding to the throat pressure of 30 psia 
can be found from the Steam Tables 

t - 250 F 

Hence, the metastable undercoolmg is 250 — 198 =* 52 F 

Example 14. Determine the area of the throat of a nozzle that wjJJ discharge 
1 0 Ibm sec“i of steam if the coefficient of discharge is 0 98 The initial state of 
the steam is 50 psia, saturated, and discharge pressure is 30 psia (Data are 
basically the same as m Examples 12 and 13 ) 

Solution; Since the coefficient of discharge is less than 1 0, it can be assumed, 
for want of better information, that the coefficient is based on supersaturated flow 
and not phase-equilibnum flow The applnable equation for solution would be 
Eq (9-23) multiphed by a discharge coefficient C However, Example 13 has 
developed the necessary relations 


Substituting the known values, 

, wv _ I 0(12 55) 
“ CV 0 98(1,372) 
= 1 345 in 2 Ans 

Assummg that the nozzle is round (although 
mon), 

D — 1 31 m 


= 0 00935 ft» 

rectangular nozzles are not uncoin- 
Ans 


Example 15: Repeat Example 14 but assume that the nozzle efficiency is 0 95 
Solution; By Eq (9-14), 

C. = - Vo% = 0 975 

The ideal velocity was found in Example 13 

Vi rer “ 1,372 ft/sec 

Hence, 

Vi « CxVi rev s* 0 975(1372) - 1,340 ft /sec 
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Since the velocity is less than the ideal value because of friction, then the specific 
volume must have mcreased for the same reason The specific volume could be 
easily found if the n value for the expansion were known The n value can be 
calculated by Eq (9-46), and some labor is avoided by noting that 


which reduces to 




Since in most problems the radical on the left-hand side must be e\aluated to find 
the ideal velocity, the extra labor in finding n by this method is small By this 
means for the data of this problem 


and 


As before, 


n = 1 283 

PlV" “= P2V2 

V2 = 12 68 ftVlb^ 

4 ^ l _ 0 a 2 68 ) ^ 000945 ft» 

V 1340 

= 1 36 in 2 Ans 


And for a round nozzle 


D = 1 315 in Ans 


This method of solution, of course, is not restricted to supersaturated-expansion 
problems 

In Fig 9-18 IS shown a Mollier chart locating the region of conden- 
sation for a flow of supersaturated steam This region is called the 
Wtlson zone and lies between the 2 and 4 5 per cent moisture line, 
condensation always starts m this zone, regardless of the initial pressure 
and temperature If the nozzle is long, thus permitting a slow expan- 
sion, a preliminary condensation occurs at about the 2 per cent moisture 
line and slowly increases in amount In the neighborhood of the 4 
per cent moisture line the condensation is particularly violent whether 
or not a preliminary condensation was present; hence, this condition is 
called the ultimate condensation^ and the locus of condensation points 
IS called the Wilson line. For smooth short nozzles, only the ultimate 
condensation occurs. The ultimate condensation pressure apparently 
bears a fixed relation to the saturation pressure as illustrated in Fig 
9-19 



156 158 160 162 164 1 66 1 68 170 172 174 176 178 1 80 
Entropy 

Fig 9-18 Mollier diagram showing region of ultimate condensation and experimental 
data (from reference 4) 

It ^\ould be thought that further expansion in the two-phase legion 
would be an equilibrium expansion between liquid and gas Howevei , 

since supersaturation is merely an 
] event in a quick expansion, it can 

50 ^ occur at any stage For example, 

y \i the steam entering a nozzle is 

y quite wet, it behaves as a mecha- 

§40- meal mixture of saturated steam 

I y and drops of water In expanding, 

I the part of the mixture that is satu- 

-1 20 rated steam undoubtedly becomes 

S supersaturated as a step in the con- 

// densation process. However, a 

°0 20 40 60 60 ~ TO 120 W ^wo-phase mixture of water and 

Initial pressure, steam adds considerable difficulty 
Fig 9-19 Condensation pressure as tO calculations Or to experimental 

SX -.JiwMLrrhJr.” mve.t,g»t.on. For example, the 

water particles will probably move 
at a slower pace than the steam, and the temperatures of the two phases 
will probably differ The problem of continuing supersaturation 
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throughout the two-phase region is obscured by the presence of the 
water phase and its effect upon the observed flow Rational design 
of nozzles to allow for the effects of condensation cannot be made until 
more information is available upon these points 

That supersaturation is a loss can be realized by noting that foi 
equilibrium expansion of steam and droplets in the two-phase region 
the value for k in the equation is about 1 13 If the flow is super- 
saturated, the value for k is about 1 31. The increase in kinetic 
energy for either process is equal to 
the —jvdpy and the equation with the 
smaller exponent will give the greater 
value for this integral (Art 8-9) 

9-18. Jet Pumps. Ejectors are 
commonly used as vacuum pumps be- 
cause of their low cost, simplicity, and 
dependability The principle of the 
ejector depends upon the entrainment 
of a gas by a high- velocity fluid jet, the 
lesultmg mixture being compressed in 
a diffuser and discharged at a pressure 
higher than that in the gas chamber 
Figure 9-20 is a diagrammatic sketch 
of a single-stage steam ejector that can 
be used to produce a vacuum of 26 in 
of mercury Steam enters the ejector 
at high pressure and expands in a con- 
vergent-divergent nozzle. The high- 
velocity fluid leaving the nozzle passes through the air chamber 
and entrains part of the air to be evacuated The mixture of air 
and fluid then enters a convergent-divergent diffuser that recom- 
presses the mixture to the discharge pressure. The convergent- 
divergent diffuser is necessary because m normal operation the pressure 
in the air chamber will be low and the velocity of the steam jet will 
be supersonic To recompress such a stream the diffuser must first 
converge and then diverge as the velocity falls below the acoustic 
For creating a low vacuum or discharging to a higher back pressure, 
several ejectors can be connected in series and called, respectively, 
first, second, etc , stages with the last stage discharging directly or 
indirectly into the atmosphere A small condenser called the inter- 
condenser can be used between stages to condense the steam of each 
stage, thus relieving subsequent stages that need only compress those 


Operctf/ng 
sleam mki 


Suciion, 

opening 



DiffuserA 


S^anr 

chest 

A/ozz/e 
Y phte 

'Steam 

nozzle 


'A/r 

chamber 


Discharge 

Fig 9-20 Steam ejector (Elliott 
Co ) 
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gases that are noncondensable In Fig 9-21 is illustrated a two-stage 
ejector with inter- and aftercondensers This type can be used for 
evacuating steam condensers and will maintain an absolute pressure 
of 1 in. of mercury 



Assume that this pump is attached to a steam condenser similar to 
that shown in Fig 3-22 The steam-air mixture at a pressure of, 
closely, 1 m mercury is withdrawn from the condenser at A This 

mixture is entrained and com- 
pressed to a pressure of about 7 in 
mercury m the first stage (B) and 
discharged into the intercondenser 
(C) where cooling and condensation 
take place The condensed steam 
is dramed back into the mam con- 
denser through a suitable resistance 
{D) (necessary because of the diffei - 
ence in pressures), while the air 
saturated with steam (E) passes to 
the second stage A similar action takes place m this stage with dis- 
charge {F) to a pressure slightly above atmospheric pressure within the 
aftercondenser (G ) . Here the noncondensable gases are vented to the 
atmosphere. 

It 1 ^ of interest to note that the condensers of the ejector can and 
usually do serve as feed-water heaters for the main condenser con- 



Hofwe/f 

Matn condensate pomp 

9-22 Ejector flow circuit in i>ower 
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densate by using the condensate as the coolant (Fig 9-22). In 
this manner the steam used to actuate the ejector serves two useful 
purposes 

Three-stage ejectors are used where the absolute pressure must be 
maintained between 0 1 and 1 m of mercury while four stages are 
necessary for pressures between 0 01 and 0 1 in of mercury 

A jet pump used to pump water is called an injector. In Fig 9-23 
steam from the boiler passes to the mjector and expands in the nozzle 
to a low pressure while acquiring a high velocity. Water is drawn into 
the chamber around the nozzle and accelerated in the combining tube 
by the steam jet, which is itself condensed The mixture of water and 
steam is compressed in the deliveiy tube while being slowed down, and 
a pressure is finally achieved that can be gi eater than the boilei 



1 IG 9-23 Injector 


pressure At first glance such action may seem improbable, but note 
that the expansion of the steam transforms available energy of amount 
— jvdpfor a vapor into kinetic energy This kinetic energy is used to 
lift and accelerate a water column, and the action is most inefficiently 
done because the process is highly irreversible But the kinetic energy 
necessary for the compression of the liquid { — fvdp for the condensed 
steam and pumped water) back to the initial pressure is but a small 
fraction of the energy that was available, and no trouble is experienced 
in achieving pressures much higher than the initial pressure This is 
but another example of Art 3-6& , the work that must be done to com- 
press a vapor, or that is realized from expanding a vapor, is much 
greater than the work required to compress a liquid. 

Upon starting the injector, condensation of the steam will not occur 
until water enters the combining tube and the discharge escapes 
through an overflow pipe (not illustrated) After condensation begins, 
the pressure will build up and delivery can be made to the boiler. If 
hot water is led to the injector, vaporization of the water occurs as the 
pressure is decreased, and satisfactory operation is difficult to achieve 

It should be realized that mixing hot and cold fluids results in a 
loss in availability (Art. 5-11) A boiler installation not using feed- 
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water heaters must pump cold water into the boiler An injector 
combines in part this irreversible operation with the pumping, but the 
inefficiency of the injector is no greater loss than the inefficiency of the 
mixing process For this reason injectors are used where cold water 
IS pumped into steam boilers such as the locomotive boiler The 
efficiency of the injector as a pump is of the order of 1 per cent, but 
this is immaterial because the water is introduced into the boiler 
without supplying woik from an external source However, in 
modern plants, to reduce the loss m availability that is caused by 
mixing hot and cold fluids, the feed water is passed through numerous 
feed-water heaters before the water enters the boiler Since the 
injector needs cold water for best operation, in most plants it is more 
convenient to use centrifugal pumps 

9-19, Nonsteady-flow Problems.^ a A frequently encountered 

flow process is the adiabatic empty- 
ing of a tank (the system) that is 
connected to surroundings of un- 
changing properties In many 
cases the atmosphere is the invari- 
ant surroundings For example, in 
Fig 9-24 a free expansion of fluid 
occurs through the valve to the 
atmosphere, and the properties and 
mass of the fluid in the system are 
continually changing The prob- 
lem IS to analyze this nonsteady- 
flow process For this system the decrease in energy is equal to the 
change in internal energy “ 

AE = A[7 = 7112^2 — miui (9-31) 

Now let attention be directed to the part of the fluid that escapes 
from the system Suppose the valve acts as a perfect nozzle , then, the 
temperature of the fluid leaving the nozzle will be constant during the 

^ This subject was briefly introduced m Art 2-10 

* Equation (9-31) cannot be evaluated unless the absolute values of internal 
energy are known Consider steam to be the fluid, values of internal energy {u') 
selected from a Steam Table are evaluated above an arbitrarv datum, say, 32 F, 

AU = 7712(^2 -h U32 v) — nii{ui -h «82 f) 

= rriiUi — miUi 4 - — Tni)u 3 i f 

and (m^ — mjwji f cannot be evaluated because uz2 f is unknown 



Flo 9-24 Adiabatic flow into sur- 
roundings of infinite extent 
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entire reversible process The first element of fluid will expand from 
the initial temperature and pressure and will acquire a high velocity 
and low temperature Succeeding elements will expand from lower 
pressures and temperatures to the same constant surrounding pressure 
and will acquire the same temperature^ as the first element but decreas- 
ing velocities An observer evaluating the energy leaving the system 
would recognize internal, flow, and kinetic energy in the flowing mass: 

^ m + pfVf + ^ 

I* mi — m2 rmi—mi pr2 

= / hf dm + / dm 

Jo Jo 

where f = instantaneous state of the fluid in the stream 
This equation can be simplified by noting that during the reversible 
expansion the temperature and pressure of the leaving stream is con- 
stant, and therefore the enthalpy is constant (although kinetic energy 
IS of ever-changing value) 

flow ^ [(wi — m2)hf -h KEreNr]«==c (9-32) 

Here the summation of the variable kinetic eneigy is shown by the 
symbol KErev The decrease in energy indicated by Eq (9-31) must 
equal the energy of flow indicated by Eq (9-32) (but of opposite sign) : 

{mi — 7n2)hf + KErev = miiii — 

KErev = [miih — m2U2 — (mi “ m2)/i/]««c (9-33o) 

where subscripts 1 = initial state of the fluid in the tank (system) 

2 = final state of the fluid in the tank (system) 

/ = state of fluid in flow 

If the pressure in the tank is reduced to atmospheric, Eq (9-33a) 
becomes 

KErev = [miUi — m2iif — {mi — m2)/i/]*-c (9-33b) 

The kinetic energy obtained in this expansion could be converted into 
work by a perfect turbine without changing the properties of internal 
energy and enthalpy, therefore, 

TTrcv = KErev = [miUi — 7712% — (thi — m 2 )/i/],»c (9-33c) 

^ However, if a thermometer with unity recovery factor is placed m front of 
the stream of discharged fluid, the impact temperature will steadily decrease since 
it will always be equal to the instantaneous temperature of the fluid in the tank 
Similarly, if the valve is replaced by a porous plug, the temperature of the fluid 
irreversibly leaving the system will progressively decrease 
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[Equation (9-33) could also have been obtained from the general First 
Law equation (3-4) ] 

Other relationships can be derived from the perfect-gas equations 
for the nonsteady discharge process The temperature of the fluid in 
the tank at any instant equals 


T, 



( 8 - 11 ) 


since the process of rapid expansion is essentially adiabatic and reversi- 
ble The mass of fluid in the tank at any instant is found by the 
equation of state 


^ ^ P 2 V/RT 2 ^ P 2 T 1 ^ / ^2 V ^ 
mi piV/RTi P 1 T 2 \pi) V2 


(9-34) 


Equation (9-33c) can also be derived by devising a reversible closed 
system that will be equivalent to the reversible open system Con- 
sider the system to be the entire mass of fluid mi but contamed in a 
cylinder and piston Let the fluid expand from the initial to the final 
state and move the piston that is connected to an external load, the 
piston must also do work in pushing back the atmosphere. By the 
First Law 

Q - W = AU 


And for an adiabatic expansion 


W = mi(ui — Uf) 


But the net work is less than W by an amount equivalent to the energy 
expended in pushing aside the atmosphere 

Wuot = — ?//) ~ P/(V 2 — Vi) (9-35a) 

Wnet = — u/) — p/(v/ — vj)] (9-35t>) 

The net work evaluated by Eqs (9-35) (when restricted to isentropic 
expansion) is equal to the net work, the kinetic energy, evaluated by 
Eq (9-33c) 

Example 16 ; A tank with volume of 50 cu ft is filled with air at a pressure of 
100 psia and a temperature of 240 F If this air is used to dnve a turbine, what 
will be the maximum amount of work that can be obtained by adiabatic expansion 
to atmosphenc pressure? (Atmospheric conditions, p — 14 7 psi and t *= 60 F ) 
Solution: The maximum amount of work will be received if the adiabatic 
expansion is reversible and all the kinetic energy is transformed into work by the 
turbine, Eq (Q-33c) or (9-35) evaluates this limiting amount of work Since the 
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final temperature of the air m the tank is the same temperature as that of 
the high-velocity stream, 


and 


Tx n 
Tf ” 


T, 368 R 


^ = Pil - 100(50) =ig3ib 

RTi (10 73/29)700 ^ 

„ 14 7(50) _5c5,u 

RTi (10 73/29)358 “ 


By Eq (9-33c) 

WtV7 

and for perfect gases 


wiiMi — m2U/ — (mi — 


(9-33c) 


Wrmv * Cf^imiTi - m^Tf) - (mi - m2)cpTf 

- 0 171[19 3(700) - 5 55(358)1 - (19 3 - 6 56)(0 24)(358) 
« 790 Btu Ans 


This answer can be checked by Eq (9-35a) 

Wtbv =* fmj(wi — w/) — p/(V 2 — F’i)]*_c 

^ ^ fmiRT2 miRT{\ 

“ ™.<=.(r. - Tf) - v> 

=« miC^(Ti — Tt) — miR (Ti — ^ Ti) 

= 19 3(0 171)(700 - 358) - 19 3 (i^) (358 - ^ 70o) 
» 790 Btu Ans 



Fia 9-25 Adiabatic flow from surroundings of infinite extent 


b Consider next the inverse process of adiabatically filling a tank 
from an mfimte reservoir as illustrated in Fig 9-25 Equation (3-5) 
can be applied to this process 


+ (m2lA2 — iniWl),tor.^ 
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where Q, W 0, and V/ will approach zero by locating the boundary 
of the system some distance from the valve Since Tf and p/ are 
constant, h/ is constant: 

r mi — mi 

m/hf = I hfdmf = (m 2 — m{)hf 

(7712 — mi)hf = 77122*2 ^ TTiiUi (9-36a) 

For perfect gases 

(7712 — m{)CpTf = Cv{m2T2 — niiTi) (9-36b) 

The use for these equations will be illustrated by an example 

Example 17 : A small evacuated container is connected to a large steam line 
that contains saturated steam at a pressure of 100 psia If the container is filled 
with steam to the line pressure, what will be the final state of the steam? 
(Assume both heat capacity of container and heat losses to be zero ) 

Solution : Equation (9-36a) is applicable 

(m2 m\)kf — m2U2 — miU\ 

but, smce the contamer is initially evacuated, 

mi = 0 
Ui “ 0 

and 

=» m 2 U 2 
or 

1/2 “ A/ 

From the Steam Tables, for 100 psia saturated steam, 

A/ * 1187 2 Btu/lb,„ f - 328 F 
The final conditions are 

p 2 = 100 psia 

U 2 ^hf ^ 1187 2 Btu/lb«, 

Interpolating in Steam Table 3 for these values, 

^2 ^ 540 F Ans 
P 2 = 1(X) psia 

And the temperature rise from compression of the steam in the container is 
540 - 328 = 212 F Am 
Note that Eq (9-36a) can be written 

(m2 — + U32P + pv) « mt{u2 + U82p) — mi(u[ -f W32 f) 

where 1132 f is the internal energy at the datum state of the Steam Tables 
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Then, 


(m* — m\)h!f 4- (wij — mi)vnF “ mswj — miu[ + (ms — mOujiF 


(mt — vii)}kf “ m2W2 — miW| 

and here the datum value for internal energy can be canceled 


Problems 

1. Steam expands from an initial state of p =* 500 psia, i «■ 700 F, to 300 psia 
Determine the velocity attained by an adiabatic and reversible expansion if the 
velocity of approach is zero 

2 Repeat Prob 1, assuming that the velocity of approach is 300 ft sec”^ 
What IS the value of for this problem ? 

3 . Determme for the conditions of Prob 1 the highest approach velocity 
that can be neglected if the calculated final velocity is to be within 2 per cent of 
the true answer 

4 . Air expands from 100 psia and 400 F to atmospheric pressure Determme 
the velocity attamed after an adiabatic and reversible expansion from a region of 
infinite extent 

5 If in Prob 4 only 95 per cent of the theoretic&l velocity is realized at any 
stage of the expansion, what should be the value of n assigned to this irreversible 
process? 

6. Repeat Prob 1, assuming that the exhaust pressure is 160 psia 

7» Determine the variation in area throughout the nozzle of Prob 4 for a 
mass flow of 1 Ibm Bec“^ 

8. Determine the variation m area throughout the nozzle of Prob 6 for a 
mass flow of 1 Ib^ scc*^ 

9 Determine the critical pressure ratios for Probs 4 and 6 and check by the 
data of Probs 7 and 8 

10 A perfect nozzle is to expand carbon dioxide adiabatically from 500 psia and 
300 F to 25 psia Determine the area and diameter at the throat that will allow 
an ideal mass flow rate of 0 25 Ib^ sec"^ (Consider carbon dioxide to behave as a 
perfect gas ) 

11 Repeat Prob 10, using diagram in Appendix (Fig III) 

12 A perfect nozzle is to expand air adiabatically from a pressure of 50 atm 
and 400 R to 5 atm Determine the area and diameter at the throat that will 
allow an ideal mass flow rate of 0 25 Ibm sec’^ (Consider air to behave as a perfect 
gas ) 

18 . Repeat Prob 12, but use the Ts diagram (Fig II, Appendix) and compressi- 
bility data (Pig VII, Appendix) 

14 . Show all steps in derivation of Eqs (9-7) and (9-8) 

16 A perfect nozzle has an adiabatic mass flow rate of 2 Ibm sec'^ of nitrogen 
from a pressure of 100 psia and temperature of 300 F to 10 psia Determme the 
throat and exit area of the nozzle 

16 . Repeat Prob 15, assummg ^ = 080 

17 . Derive an expression for the mass flow rate through an ideal nozzle wherem 
the critical pressure ratio exists, and show that the expression is equivalent to 

m (constant) Atp I /\/7h 
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16 . Determine the Mach numbers for the sections selected in Prob 7 

19 . From the data of Probs 4 and 6 determme the nozzle efficiency, velocity 
coefficient, specific volume at exit and throat, and probable discharge coefficient 
Calculate the discharge coefficient for both the throat and exit areas and compare 
values Discuss 

20 . If the efficiency of the nozzle in Prob 6 is 0 96, determine the velocity, 
specific volume, and probable discharge coefficient 

21 . Assume that the velocity coefficient from entrance to throat of the nozzle 

of Prob 1 5 18 0 98 while the over-all value is 0 96 (a) Determme the velocity and 

specific volume at throat and exit (6) Determine new throat and exit areas 

22 . For the data of Ih-obs 15 and 16 assume that the real nozzle can be assigned 
a value of n = 1 35 Determme the throat and exit areas and the pressure at the 
throat 

28 For the data of Prob 10, determine the dimension of the throat of a real 
nozzle that has a discharge coefficient of 0 95 

24 Repeat Prob 23 but for the data of Prob 12 

26 . Air is flowing through an 8-m pipe and through a 2-m thm plate onhce 
The “adiabatic’* coefficient of discharge is 0 65, and the differential manometer 
reading is 30 in water The upstream temperature of the air is 80 F, and upstream 
pressure is 10 psig Compute the flow rate 

26 Derive Eqs (9-23), (9-24), and (9-25) 

27 . Repeat Prob 25, assummg that the pipe is 4 m in diameter and the pres- 
sure drop across the orifice is 30 in. Hg 

28 . A 4- by 2-m venturi has a coefficient of discharge of 0 98 Air is flowing to 
the venturi under a pressure of 50 psig and temperature of 60 F I'he pressure drop 
to the throat of the venturi is 12 m water Determine the mass flow rate 

29 . A J -m (diameter) flow nozzle is installed in a 2-m pipe that carries air at 
12 m water gauge pressure The temperature of the air is 60 F, the discharge 
coefficient for the nozzle is 0 97, and the pressure drop across the nozzle is 6 in 
water Compute the mass flow rate 

SO. Derive Eq (9-28) 

31 Air is flowmg through a 6-m pipe and is metered by a 1 5-m thm plate 
orifice with flange taps The upstream conditions are p = 20 psig, i = 100 F 
The manometer drop across the orifice is 30 in Hg Determme the mass flow rate 
(ASME procedure) 

32 . Repeat Prob 31 if water is the fluid flowmg and the pressure difference 
across the orifice is 30 in Hg 

33 . Repeat Prob 31 if the fluid is carbon dioxide Use compressibility data 

34 . For the data of Prob 4 determine the temperature that w ould be indicated 
bv a thermal meter with recovery factor of 0 8 if it were to be mserted m the high- 
A elocity stream at the mouth of the nozzle 

86 Air is flowmg through a 4-m pipe under a static pressure of 3 m water A 
thermometer with recovery factor of 1 0 indicates a temperature of 100 F while the 
mean velocity head calculated from pitot-tube readmgs is 2 08 m water Deter- 
mme the average velocity of the an* and the mass flow rate (Barometer shows 
29 90m Hg) 

86 . Repeat Prob 35, assummg that the mean impact pressure calculated from 
the pi tot-tube readmgs is 3 5 m water 

37 Repeat Prob 35, assummg that the static pressure is 10 25 psig and the 
pitot-tube calculations show a mean impact pressure of 30 06 psia 
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88 . Saturated steam at 100 psia flows through a nozzle to a discharge pressure of 
40 psia For a mass flow rate of 1 Ibm 8ec“^ determine the area, velocity, and spe- 
cific volume at 100, 80, 60, 55, and 50 psia Assume phase equilibrium throughout 
J^he reversible and adiabatic expansion 

89 . (o) Repeat Prob 38, assuming that the flow is supersaturated, and com- 
pare answers (6) Determme the undercooling and pressure ratio at the throat 

40 . Repeat Prob 39, assuming the coefficient of discharge to be 0 97 

41 Saturated steam flows through a nozzle with throat area of 0 25 in * from a 
large system wherein pi = 200 psia to a region where p = 20 psia Calculate the 
mass flow rate if the discharge coefficient is 0 98 

42 Superheated steam at 100 psia and 360 F passes through a nozzle to a dis- 
charge pressure of 40 psia If the area of the throat is 0 50 in * and the coefficient 
of discharge is 0 98, calculate the mass flow rate 

43 Superheated steam at 400 psia and 500 F expands through a nozzle to a 
discharge region at 150 psia Calculate the dimensions of a nozzle that will pass 
0 50 Ibm sec”^ if the discharge coefficient is 0 97 

44 . In the same manner followed in derivmg Eq (9-35), derive an equation for 
the case where is not atmospheric and show that it is not equivalent to Elq 
(9-33a) 

45 A tank contains 20 ib^ of air at a pressure of 100 psia and temperature of 
400 F A valve is opened, and a portion of the air quifklv escapes while the pres- 
sure drops to 80 psia How much air reiriams m the tank ^ 

46 Repeat Prob 45, assuming that stt*am ih the fluid and using the Steam 
Tables 

47 . An insulated tank contains 100 Ibm of saturated steam at 20 psia The 
tank IS connected to a reservoir of saturated steam that is at 200 psia, and the tank 
18 filled to reservoir pressure (a) Set up the equations for an energy balance and 
a volume balance (5) Estimate the final conditions of the steam by selecting a 
few trial values for internal energy and specific volume from the Steam Tables 

48 A tank filled with air at a pressure of 50 psia and temperature of 100 F is to 
he used to drive a turbme that is coupled to a small generator The system is to 
be used for emergency power for a radio transmitter that requires 5 watts, and 
service for 10 mm is desired Assummg that the efficiency of using the air is 50 per 
cent, what should be the approximate size of the tank? 

49 . A patent for automotive engines proposes to hold the intake valve closed 
until a vacuum has been pulled m the cylmder and then to open the valve with con- 
sequent filling of the cylinder to atmospheric pressure Assume that 0 02 Ib^ of 
air 18 m the cylmder at a pressure of 4 psia and temperature of 20 F when the valve 
IB opened Calculate the final temperature of the air if heat losses are neglected 
The outside air temperature is 25 F 

Symbols and Units 

A area (ft*) 

C discharge coefficient, also, a constant 
Cv velocity coefficient 

c heat capacity (Btu lb~^ R"^) 

D diameter (ft and in ) 

E energy in general (Btu) 
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F Fahrenheit temperature scale 
Fe correction factor for velocity of approach 

G specific gravity 

g local acceleration of gravity 

Qa standard acceleration of gravity (32 17 ft sec"*) 

Qc dimensional constant (z2 17 ^ 

^ V lb/ sec*/ 

H head (ft) 

h specific enthalpy (Btu lb“^) 

J JouIe^s equivalent (778 16 ft lb/ Btu"^) 

KE kmetic energy (ft lb/ Ib"^) 

K ASME discharge and approach factor 

k isentropic exponent 

M molecular weight 

m mass, also, mass flow rate (Ib^ and lb« sec"^ 
n polytropic exponent 

p pressure (psi and lb / ft"*) 

Q heat (Btu and Btu Ib"^) 

o ^ ^ /l,545ftlbA /I 986 Btu \ 

B specific gas constant ,-j^ j or ^ j 

R Rankine temperature scale 

r, R radius 

Tj, pressure ratio 

Vpt minimum throat pressure ratio (critical pressure ratio) 
9 specific entropy (Btu Ib"^ 

t thermodynamic temperature 

T absolute thermodynamic temperature 

u specific mternal energy (Btu Ib"^) 

U mternal energy (Btu) 

V specific volume (ft* lb"0 

V velocity (ft sec“^), also, volume (ft*) 

W work 

X quahty 

Y I empirical ASME expansion factor for orifices 

z height (ft and in ) 

Subscripts and Abbreviations 

o acoustic 

/ force, also, flow stream, also, saturated liquid 
g saturated vapor 

fg change from saturated liquid to saturated vapor 

m manometer, also, mass 

p pressure 

pt throat pressure 

t throat 

c impact values 

adia adiabatic 

avg average 

hyd hydrauhc 
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irrev 

isen 

Ma 

max 

psia 

psig 

Re 

rev 


7 

P 

M 

\ 


irreversible 
isentropic 
Mach number 
maximum 

absolute pressure (lb/ m"*) 
gauge pressure (Ib/ in 
Reynolds number 
reversible 

Greek Letters 


(beta) 

(gamma) 

(rho) 

(mu) 

(lambda) 

(eta) 

(phi) 


diameter ratio of throat to approach section 

specific weight 

density 

viscosity 

recovery factor (temperature) 
nozzle efficiency 

AS ME expansion factor for flow nozzles 
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CHAPTER X 


MIXTURES OF GASES AND VAPORS 

Gases may be mixed in any proportions to form an infinite number 
of different mixtures Each mixture of gases could be treated as a 
single substance, and an equation of state could be determined, but 
the experimental work necessary to chart the behavior of all possible 
mixtures would be prohibitive. Thus, it becomes necessary to find 
methods of transforming data for the individual gas to account for the 
behavior of a mixture of gases. 

10--1. General Relationships between Mass and Mole Units. ^ 

Consider a mixture made up of components a, b, and c The mass of 
mixture must equal the sum of the masses of the components 

m — via + rrih + nic ( 10 ~ 1 ) 

The composition of a mixture is best evaluated if the mole is used as the 
mass unit The total number of moles in the mixture is defined as 

n = ria + rih + Uc (10-2) 

The mole fraction x of fluids a, i>, or c is defined 

H/Q Tlh Tic 

* Tla 'h Tib ^ Tic Tla Tib "h Tic ' Tig ^ Tib -h 'Tic 

and, therefore, 

Xa + Xb Xc = \ ^ 

The mole and the mass are related units defined by 

m 

m = nM and ^ (7-6) 

where M is the molecular weight. Equation (7-6) can be substituted 
in Eq (10-1) 

nM = UaMa -b UbMb + ncMc = m (o) 

and the average molecular weight of the mixture is determined 

M = XaMa + XbMb + XcMe (10-5) 

^ It will be especially helpful in studying this chapter if the student will write 
QUt, m words, the meaning of each equation 
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(10-3) 

(10-4) 
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It should be recalled (Art 7-5) that the mole unit allows a universal 
gas constant J?o to be used for all gases while the pound or gram units of 
mass demand a specific gas constant that has different values for 
different gases Hence, if a mass umt other than the mole is to be 
used for the mixture, a specific gas constant must be determined. 
The specific gas constant can be found from the relationship between 
the molecular weight and the universal gas constant. 


P _ iJo 


(7-4) 


Equation (7-4) can be used for either mixture or component 

10-2. Mixtures of Perfect Gases. In a mixture of perfect gases, 
it can be conceived that each component will occupy the entire volume 
and display the common temperature while exerting only a fraction 
of the entire pressure With this concept in mind, the equation of state 
for perfect gases can be substituted in Eq (10-2) 

n Ua + Uh + Uc 


But 


pV _ PaVa . PbVh . PcVc 
R^T R,Ta R,T^ R,Tc 

y = = y, = y, t Ta Tt -= T. 


and therefore 


P = Pa + Pb + Pc\^* 


(10-6) 


Thus, by inverse reasoning to that of Art 7-2, Dalton^ s law of partial 
pressures is obtained 

The pressure of a mixture of perfect gases is equal to the sum of 
the partial pressures which the component gases would exert 
if each existed alone in the mixture volume at the mixture 
temperature. 

For the conditions of Dalton’s law applied to the mixture and to one 
of the components, 

p^Vx _ n^RpTi 

pV nRpT 

and here 

y, = y Tx = T 


• These subscripts indicate that the pressures are to be evaluated at the tem- 
perature and volume of the mixture 
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Hence, 


P‘l = 

V \ y,t ^ 


p. = aJvp 


] 


V,T 


(10-7) 


Equation (10-7) shows that the partial pressure and the mole fraction 
of the component are proportional. 

A slightly different and more imaginary concept can be applied to 
the mixture of gases Suppose the mixture to be divided by imaginary 
partitions mto spaces each occupied by a separate component Each 
component, then, would exert the mixture pressure and temperature 
while occupying only a 'partial volume of the mixture With this con- 
cept in mind, the perfect-gas equation can be again substituted m 
Eq (10-2) 

n — Ua + Uh Ue 

pV ^ PaVg , PhVh , PcVc 
RqT i^oT^a RqTc 

But here 


p = Va = Pb = Pe 

and therefore 


T ^ Ta = n = Tc 


V =Va+V,+ vA . (10-8) 

Jp.l 


Equation (10-8) is called Amagafs law and, also, Leduc^s law: 


The volume of a mixture of perfect gases is equal to the sum of 
the partial volumes which the component gases would occupy 
if each existed alone at the pressure and temperature of the 
mixture. 


The partial volume, like the partial pressure, is related to the mole 


fraction: 

PtVx ^ 

nJloTt 


pV 

nRoT 

and here 

p = p. 

T = 7\ 

Hence, 

F.l n. 

\ = — = a:, 

F. = 


V jp,T ^ 


(10-9) 


It is evident by Eq (10-9) that mixture and components have identical 
specific volumes 


Example 1 : A mixture of 10 Ibm of oxygen and 15 Ibm of nitrogen haa a pressure 
of 50 psia and a temperature of 60 F Determme for the mixture (a) the mole 

* All volumes are measured at the pressure and temperature of the mixture 
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fraction of each component, (6) the average molecular weight, (c) the specific gas 
constant, (d) the volume and density, (e) the partial pressures and partial volumes. 

Solution : a The molecular weights of the components are found in Table VI 
(Appendix) 


The moles of mixture are 


Mo 

= 32 00 


101b„ 

no 

32 


15 1b„ 

wn 

28 02 


n 


Mn =» 28 02 

0 3125 mole 

0 5350 mole 
0 8475 mole 


The mole fractions are 


xo 

xn 


0 3125 
0 8475 
0 5350 
0 8475 


= 0 369 


= 0 631 
1 000 


Ans 

Ans 


h The average molecular weight is obtained from Eq (10-5) 


M « xqMq ‘h xsMn 

M ^ 0 369(32 0) + 0 631 (28 02) = 29 5 Ans 


OrbyEq (7-6), 


_ m _ 25 

~n~ 0 8475 
= 29 5 Ans 


c The specific gas constant is found by Eq (7-4) 

n Ro 10 73 ^ psia ft“ ^ 

R ^ ^ "ofTH “ ^ 3”37 ^ Ans 

M 29 5 Ibm R 

d The volume of the mixture is also the volume of each component 
nR^T noRaT n^R^T mRT 


V 

V 


P po 

0 8475(10 73)520 
50 


pN 

‘ 94 5 ft^ 


Ans 


The density of the mixture is 


>>-1- if- ro-rifeo) = 0 “««« 

and since 


M « 29 5 

p = (29 5 lb«/mole)(0 00896 mole/ft») = 0 264 Ib^/ft^ Ana 
e The partial pressures are found by Eq (10-7) 


Px “ XxP 

po “ 0 369(50) ■■ 18 45 psia Ans 

PN *= 0 631(50) = 31 55 psia Ana 

50 00 psia 
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and the partial volumes by Eq (10-9) 

F, « x»F 

Fo « 0 369(94 6) = 34 85 ft» Ans 

Fn “ 0 631(94 5) = 59 65 fV Ans 

94 5 ft» 


10-3. Volumetric and Gravimetric Analyses. The components of 
a mixture are reported as volume or mass fractions of the entire mix- 
ture The analysis based upon the measurement of volumes is called 
the volumetric analysis while the analysis based upon measurements of 
mass is called the gravimetric analysis 

Experimentally, the volumetric analysis^ is usually made on a 
sample of the mixture at atmospheric pressure and temperature, and 
the volumes of the components are also measured at these conditions 
Since the pressure is low, the component gases should behave as perfect 
gases, and the volume analysis should be directly proportional to the 
partial volumes 

F = Fa + F6 + Fel ^ 

Jp.r 

and by Eq. (10-9) 


x^ = 


V2 

n 


F. 

F 


= volume fraction of component i 


F, 

F 


X 100 = 


volume per cent of component i 


The mass or gravimetric analysis reports each component on a mass 
basis 

m = Wfl + + iMc 

= mass fraction of component i (10-10) 

m 

— - X 100 = mass per cent of component t 


The mass analysis may also be an ultimate analysis; here the mass 
fractions are not for the components of the mixture but, rather, for the 
basic chemical elements that make up the components (that is, the 
constituents of the mixture). 


Example 2 : A gas analyzes by volume 12 per cent CO 2 , 4 per cent O 2 and the 
remainder N 2 Determine the gravimetric analyses 


1 See Art 11-3 
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Solution : 

Volumetric per cent + 100 -» mole fraction 
Mole fraction X * relative mass 


Component 

Volumetric 
per cent 

Mole 

fraction 


BilWBI 

CO 2 

12 0 

0 12 


5 28 

O 2 

4 0 

0 04 


1 28 


84 0 

0 84 


23 52 

N, j 

100 0 

1 00 

■■ 

30 08 or M for mixture 


Note that the average molecular weight of the mixture is obtamed by addmg the 

figures m the last column of the table 

The gravimetnc analysis for the components is 


WlCOa _ 5 28 
m 30 08 

moa ^ 1 28 

m 30 08 
rriKz 23 52 
m 30 08 


= 0 175 or 

17 5 per cent 

Ans. 

= 0 043 or 

4 3 per cent 

Ans, 

= 0 782 or 

78 2 per cent 

Ans, 

1000 

100 0 per cent 



The ultimate analysis for the constituents is 


12 

Carbon in carbon dioxide — X 5 28 
44 

= 144 and 30 08 








IS 0 0478, or 

4 

78 

per 

cent 

C 

Ans 

Oxygen in carbon dioxide f J X 6 28 

-384 







Oxygen m gas 








Total oxygen 

K 10 ^5 12 

and 3 -^ 








18 0 1702, or 

17 

02 

per 

cent 

0 

An^ 

Nitrogen in gas 

= 23 52 and 

30 08 








18 0 782, or 

7S 


per 

cent 

N 

Ans 


Total 100 0 per cent 

10-4. The Properties of the Perfect-gas Mixture. A mixture of 
perfect gases is charactenzeci by the complete indifference of each 
component to the presence of other gases. For example, the pressure 
of the mixture is but the sum of the component or partial pressures 

P == Pa+Pb+Pc+ (10-6) 


In similar manner, the internal energy (or enthalpy, or heat capacity, 
or entropy) of the mixture is equal to the sum of the internal energies 
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of the components; each component is considered to exist alone in the 
mixture volume, and the value of the whole is equal to the sum of the 
values for the parts, 

nu = UaUa + ribUb + ricUc + * ' ’ JT (10-1 la) 

7lh = tlaha “I" Tli^b "h -{-••• (10-12a) 

jT.V 

TlrC ~~ TI/qCq “1" Tlb^'b I TlcCc i * * * y V ^ ^ ^ ^ ^ 

ns = naSa + UbSb + UcSe + * ' y (10-14o) 

In the above equations, substitution of mass m can be made for moles 
n, and the properties of the mixture will be based on a mass unit such 
as the pound (of course, the values of the properties u, h, c, and s must 
also be m pound mass units). 

These equations specify that the properties of the components 
should be evaluated at the temperature and volume of the mixture, 
for each component occupies the entire volume. But for perfect gases 
the properties of internal energy, enthalpy, and heat capacity are 
dependent only upon temperature, and, therefore, the volume need be 
considered only when Eqs. (10-1 la), (10-12a), and (10-13) are arbi- 
trarily extended to evaluate mixtures of real gases (It should be 
remembered, however, that the entropy of a perfect, or real, gas is not 
dependent on temperature alone ) 

The changes during a process of the properties of internal energy, 
enthalpy, and entropy of the mixture are of importance Upon 
differentiating Eqs (10-lla), (10-12a), and (10-14a) and dividing by n, 
the moles of mixture (and the division restricts the follo^ying equations 
to mole umts), 


du = XadUa + XhdUb + XddUc + • • . (10-1 lb) 

dh = Xadha H" Xbdhb -t- Xcdhc -{-••• (10-1 2b) 

ds = Xadsa + Xbdsb + XcdSc -(-••• (10-14b) 

Introducing the perfect-gas relationships 

du = CvdT ( 7 - 7 ) 

dh = CpdT (7-8) 

into Eqs (10-llb) and (10-12b) yields 

du ~ (^a^va ^ XiC^b “i“ XcC^c)dT (10-1 Ic) 

dh — {xaCpa 4“ XhCpb “b XcCpf^dT (10-1 2c) 
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Equation (10-146) can 

be modified by the perfect-gas relationships 


, dT dv, 

08, = C„ -t- Ko — 

(8-3) 


g- 

II 

1 

(8-4) 


_ dv, 

dSf — Cpi ' n 

(8-6) 


For example, when Eq. (8-4) IS substituted in Eq (10-146) (considering 

a mixture of only two components), 



but from Eq (10-7) 

J ^ thprefore 

p, = xip and - p theretore 

Substituting Eq (6) m Eq (a) gives 

, , , _ 7 ? §2 

dS = (XaCpa "T Xi^Cpb) rp p 


V 


ih) 


(10-15) 


Equations (8-3) and (8-6) can be treated in similar manner, noting that 


to yield 


^ ^ because 7ixi\ = F == nz; 

V 


ds = {XaCva + a:iiC„b) ^ ~ (10-16) 

de — (aioCpa + aJbCpb) — -t- (x„c™ 4- XbCvb) (10-17) 


Of course j these results could, have been anticipated EQuations 
(10-15), (10-16), and (10-17) merely show that, after the heat capacities 
of the mixture have been determined, the mixture can be treated as if 
it were a smgle-component system. Such a procedure has already 
been followed in Chap VIII, where air, which is a gas mixture, was the 
main substance studied. 


Sxample 8 ; A mixture of 1 mole of oxygen and 2 moles of mtrogen is confined 
in a tank at a temperature of 86 6 F and a pressure of 12 7 psia Determine the 
entropy of the mixture if each component is assigned a datum state value of zero 
entropy at 1 atm and 0 F 
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Solution: The mole fractions are 

xo =■ i xn = ? 

and the partial pressures 

po = 7) => 4 23 psia ps “ }(12 7) ** 8 46 psi 

From Table VI (Appendix), Mcp is 

Cyo 7 01 Btu/mole R Cj,n 0 94 Btu/mole R 
Equation (8-4) can be used for each component 

, dT p dp, 

dSi Cpi fCo 

J pi 

«o - A 80 = 7 00 In - 1 986 In ^ 

460 14 7 

« 1 21 + 2 48 

3 69 Btu/mole R 

«N = Asn = 6 94 In - 1 986 In ^ 

= 1 202 + 0 318 
= 1 52 Btu/mole R 

With these values substituted m Eq (10-14a), 

S ^ ns = no^o + 

1(3 69) + 2(1 52) - 6 73 Btu/R Ans 

Example 4 • The mixture m Example 3 is cooled at constant volume to a temper- 
ature of 50 F Determine the change in internal energy and m entropy for the 
mixture 

Solution: From Table VI (Appendix), Mcv is 

CvN = 4 97 Btu/mole R Cvo « 5 02 Btu/mole R 
and by Eq (10-1 Ic) written in the form 

nAu = (nscvisi + noCTo)(T2 — Ti) 

= [2(4 97j + 1(5 02)K’-S6 6) - -547 Btu Ans 

The change in entropy for the mixture is found by Eq (lG-16) integrated for 
constant-valued heat capacities 

Ti 

nA5 = (noCto + wnCvn) In ^ + 0 

cin 

= [1(5 02) + 2(4 97)1 In = -1 012 Btu/R 

10-6, The Irreversible Mixing Process.^ Suppose that several 
gases, all at the same temperature and pressure, are to be mixed 
together For example, in an isolated system each gas could occupy a 

^ The reversible mixing process is introduced (indirectly) m Art 11-13 
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separate partitioned space in a large insulated tank; when the parti- 
tions are removed, the gases will individually expand to fill the 
entire volume For real gases, such an adiabatic mixing process is not 
necessarily either an isothermal or a constant-pressure process But 
when perfect gases are mixed, each gas undergoes a free expansion to 
the total volume and to its partial pressure in the mixture, the total 
pressure remains unchanged at the common initial value for the 
unmixed components because a free expansion of a perfect gas does not 
change the temperature (Art 7-3) For this reason, mixing does not 
affect the values of internal energy, enthalpy, or heat capacity for the 
component gases because these properties are functions only of tem- 
perature However Eq (8-3) shows that the entropy of each com- 
ponent will increase during the free expansion, and thus from Eq. 
(10-14b) the entropy change of mixing is positive This increase is to 
be expected because mixing is an irreversible process whenever an 
irreversible process occurs, the entropy of the isolated system will 
increase (Art 5-12). Moreover, if the temperatures of the gases before 
mixing are unequal, the irreversibility of mixing is increased as shown 
by the loss in availability (Example 8, Chap V). 

Example 6 : A mole of oxygen at 30 psia and 60 F is m a container that is con- 
nected through a valve to a second container filled with two moles of nitrogen at 
10 psia and 100 F The valve is opened, and adiabatic mixing occurs Determine 
the equilibrium temperature and pressure of the mixture 

Solution: For this isolated system, the First Law shows that the change in 
internal energy is zero 

Q = AU =0 

Values of Mcv from Table VI (Appendix) are substituted in Eq (10-1 Ic) and the 
equilibnum temperature is computed 

nAu » noCv<y{AT)o + wnCi,n(AT’)n = 0 
1(5 02)(t - 60) + 2(4 97)(/ - 100) = 0 

/ = 86 6 F Ans 

The pressure is found from the perfect-gas equation of state after the volumes of 
the tanks have been computed 

pV « nRoT 

100^(520) „ 1862ft. 

F. - 2(10^(560) 203 0 ft. 

Total = 1,389 2 ft. 

The mixture pressure is 


nBoT _ 3(10 73) (546 6) 
V “ 1,389 2 


12 7 psia 


Ans 
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Example 6 : Compute the change in entropy for each gas and for the mixmg 
process in Example 5 

Solution : The change m entropy of each component is found by Eq (8-3) 

A« = In ^ iZo In “ 

i 1 V\ 

As -■ As from change m temperature + As from change m volume 
For the oxygen 

noA*o - 1 (5 02) In + 1 986 In 

- 0 246 + 3 985 

- +4 231 Btu/R Ana 

For the nitrogen 

jinAsn ■= 2(4 97) In + (2)1 986 In 

= -0 236 + 0 556 
« +0 320 Btu/R A?is 

The increase in entropy for the process is 

SnAs « 4 231 + 0 320 = +4 551 Btu/R A ns * 

This can be divided into two parts, that part caused by the temperature equaliza- 
tion and that part caused by the expansion (mixing) 

XnAs == (+0 246 - 0 236) -f (3 985 + 0 556) 

== -fO 01 + 4 541 = -h4 551 Btu/R 

10-6. The Isentropic Process. After the properties of the gas 
mixture have been determined, analysis of state changes during a 
process can be made in the same manner as for a single-component 
system The isentropic process is of special interest Note that 
instantaneous values of the component heat capacities can be sub- 
stituted m Eq (10-17), and the equation will integrate into the familiar 
form pi;* = C If greater accuracy is desired, mean values of the 
heat capacities can be used in determining /c, as illustrated in Example 
9 Chap VIII; or better, Eqs (10-15) and (10-16) can be integrated 
in the manner illustrated in Art 8-6 

It IS well to note that the isentropic process for the mixture does not 
necessarily dictate an isentropic process /or each component but, rather, 
that 

Admixture “ 0 (^) 

and, therefore, for a two-component mixture, 


(b) 


A5a ASb == 0 
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Consider that the derivation of Eq (10-15) shows that 


, _ dT „ dp 

CoSwix “■ Cp mix "rn “ 0 " ” 

r p 

(c) 

Q 

11 

1 

(d) 

, _ dT T, dp 

(tSb — Cpb rn -^0 

1 P 

ie) 


If it 18 premised that the components, as well as the mixture, are to be 
isentropically compressed or expanded, inspection of the above equa- 
tions decrees this is possible only if 


Cp mix ” (^pa ““ ^ph 

Therefore, 

I “ A’a ^ JCjf 

The other alternative for satisfying Eqs (a) and (b) would be that the 
entropy of one component increased while the entropy of the second 
component decreased In a compression process (that is, Ti> Ti, 
P 2 > pi), suppose that ASa is positive (+); then, ASh must be nega- 
tive ( — ), and Eqs. (c), (d), and {e) show for this case that 


Then 


^ Opb 


ka < kb 


because Cj, — — /2o (a constant) 


Example 7 • A mixture of 1 Ib^ air and 0 94 Ibm steam has a pressure of 50 psia 
and a temperature of 250 F If this mixture is isentropically compressed to 
100 psia, find (a) the final temperature and (6) the change m entropy for each 
component 

Solution : a The mole fractions of each component in the mixture are 


Xa 


(1/29) 

(1/29) + (0 94/18) 


= 0.403 


Equation (10-15), for the isentropic process, is 


Xyj ^10 Xa 

“ 0 597 


ds 


(XaCp, 


T 



0 


The heat capacities will be assumed to be constants, for simplicity, with values 
selected from Table VI (Appendix) 
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[0 403(6 06) + 0 697(8 01)] In ^ - flo In ^ 


7 59 


Btu , Ti 
mole R Ti 


1 986 


Btu Pi 
mole R pi 


h « 

Tx \px) 


Ti 

Ti 

h 


: 710(2)0 
! 851 R Ans 

391 F Alls 


Note that Eq (/) is equivalent to 


T'i P2 

Tnii In /jy ^ Ro In 

2^1 pi 


^2 _ ^P2\^ 

r. W‘'“VpJ* 


Hence, the average k for this mixture is equal to 

/r — 1 

- 0 262 
A: « 1 355 


(/) 


b The change m specific entropy of the air equals 

^ ^po In ~~ Rq In 

1 1 pi 

- (6 96) In m ~ 1 986 In 2 
Aso = —0 105 Btu/mole R Ans 

and the total change m entropy of the air is 

AiSTa =a nASa ™ —0 00362 Btu/R Ans 

7''he change m entropy of the water vapor is equal to the change in entropy of the 
air but of opposite sign 


ASy, = +0 00362 Btu/R Ans 
and therefore the change m specific entropy of the water vapor is 
Asw = +0 0651 Btu/mole R Ans 

10-7. Gas and Vapor Mixtures. When a liquid is placed in a 
greater space than its volume, it will evaporate as a vapor into the 
space above the liquid This is because the molecules within the 
liquid move at various velocities; the higher velocity molecules have 
sufficient energy to overcome the surface restraint and leave the 
liquid When the liquid is confined in a closed volume, vapor mole- 
cules will strike the liquid surface and be condensed or held by the 
potential attractive forces of the liquid. Thus, the pressure exerted 
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by the vapor will assume an equilibrium and maximum value when the 
rate of vaporization of liquid is balanced by the rate of condensation of 
vapor For this equilibrium between saturated liquid and saturated 
vapor, the pressure is called the vapor pressure^ and it is a function of 
the temperature (Fig 6-2) (As commonly stated, the boiling tem- 
perature of the liquid is controlled by the pressure ) The vapor 
pressure is independent of the relative amounts of vapor and liquid 
present because both the rate of vaporization and the rate of condensa- 
tion are proportional to the liquid surface; changing the area of the 
liquid surface will change the time for reaching equilibrium, but such a 
change will not affect the equilibrium pressure 

At low pressures, other gases than the vapor from the liquid can be 
present in the confined space without seriously interfering with the 
molecular activities of vaporization and condensation Because of 
this fact the vapor-pressure-temperature relationship for the pure 
substance can be applied to a low-pressure system of one liquid com- 
ponent and several gaseous components to predict the maximum 
partial pressure of the vapor In this instance the mixture of gases is 
commonly said to be saturated with the vapor from the liquid compo- 
nent, although, to be precise, it is the vapor and the liquid which are 
saturated If the temperature of this mixture is raised, the liquid may 
disappear and, for any additional increase in temperature, the saturated 
vapor will be superheated Here, no liquid component is present — only 
gases, hence, the partial pressure of the superheated vapor is propor- 
tional to its mole fraction. 


Example 8 : A pound of air saturated with water vapor is in a tank at a temper- 
ature of 250 F and a pressure of 50 psia Determme the volume of the tank 
and the amount of water vapor present m the mixture 

Solution : The vapor pressure and specific volume of the saturated vapor are 
found from the Steam Tables for a temperature of 250 F (Here the subscript s 
will be used mstead of w because the water vapor is saturated ) 


i ■= 250 F p, « 29 825 psia v, = Vg of the Steam Tables » 13 821 ft^/lb* 
The pressure of the air is found by Dalton’s law 


P® 4-^1 ptt = 50 — 29 825 
= 20 175 psia 


The volume of the tank is the volume occupied by the air 


pF « fiRT 


V 

V 


ii^(10 73)(710) 
20 176 
= 13 02 ft* 


Ans 
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This voJxime is also the volume occupied by the water vapor 
V 13 02 

— » TK, 771, - ^h ~S n< ** 0 94 lb« steam Am 

Vb 13 o21 


(Note that these data are the same as m Example 7 ) 
The answer can be closely checked by Eq (10-7) 


and by Eq (10-3) 


_ pa _ 29 825 


0 597 


Xb 


Ub 

Hb tla 


m,/18 

m./18 + 1/29 

m. 


- 0 597 
= 0 922 Ib« 


Atw, 


Example 9: Ethyl alcohol is to be used in an automobile carburetor that is 
adjusted to give a 9 to 1 air-fuel ratio (a mass ratio) If the temperature in the 
manifold is 60 F and the pressure is atmospheric, what percentage of the alcohol 
will be evaporated, assuming that equilibrium between vapor and liquid is reached ? 
(Vapor pressure of the alcohol at 60 F is 0 64 psia, and its molecular weight is 46 ) 
Solution ; 


Xb 


Xb 


Pfl 0 64 
p 147 
n, 

n, -h na 


- 0 0435 


771^/46 


(TO./46) + (9/29) “ ° 

tHb = 0 65 lb„ 


(10-7) 

(10-3) 


Hence for every pound of liquid fuel metered by the carburetor, 0 65 Ibm should 
be evaporated in the manifold, or 65 per cent vaporization under ideal con- 
ditions Am 

In the actual engine a lesser amount is vaporized because sufficient time is not 
available to allow phase equilibrium to be reached 

Example 10 , A mixture contains 1 lb« of dry air and 0 01 lb« of water at a 
pressure of 20 psia and a temperature of 80 F Determine the partial pressure 
of the water vapor 

Solution : Here whether or not the air is saturated with w ater vapor is unknown 
If it were saturated, the pressure of the vapor would be (Steam Tables: 80 F) 


p, = 0 5069 psia 


and this is the maximum pressure that water vapor can exert at 80 F On the 
other hand, if the 0 01 Ibm of water were superheated vapor, its partial pressure 
would be proportional to the mole fraction 

001/18 on A010 .4 

“ (0 01/18) + (1/29) 20 = 0 318 psia Ana. 

Since this pressure is less than the saturated pressure, the vapor must be super- 
heated Thus, for a temperature of 80 F a greater amount of water vapor than 
0.01 Ibm 18 required to saturate 1 Ibm of air (and so raise the pressure to the limiting 
value of 0 5069 psia) 
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10-B. Psychrometric Principles,^ Dry air is a mixture of gases 
that has a representative volumetric analysis in per cent as follows: 
oxygen, 20 99; nitrogen, 78 03, argon, 0.94 including traces of the rare 
gases neon, helium, and krypton, carbon dioxide, 0 03; and hydrogen, 
0 01 For most calculations it is sufficiently accurate to consider dry 
air as consisting of 21 per cent of oxygen and 79 per cent of inert gases 
taken as nitrogen (3 76 parts N 2 to 1 part O 2 by volume) 


Table 10-1 — Mass Analysis of Dry Air 


Gas 


Volumetric 
analysis, % 


Oa 

N2 

A 



0 03 


Ha 0 01 

100 00 


Mole 

fraction 

1 Molecular 
weight 

0 2099 

32 00 

0 7803 

28 016 

0 0094 

39 944 

0 0003 

44 003 

0 0001 

2 010 

1 0000 



Relative f lhm component 
weight \ mole mixture 

6 717 
21 861 
376 
013 

28 967 = M for air 


Dew Point An important component of the usual air mixture is 
water vapor existing either as saturated or as superheated steam The 
mixture can be cooled at constant pressure, and, if the water vapor is 

superheated, each component will 
be cooled at constant partial pres> 
sure because the composition of the 
gaseous mixture remains constant 
With continued cooling, the water 
vapor will reach the saturated state, 
and any further decrease in temper- 
ature will cause condensation and 
thus a change in composition of the 
^ gaseous phase The temperature 

^ ^lationship of dry-bulb marks the appearance of liquid 

water is called the dew point In 
Fig 10-1 the path of the cooling process for the water-vapor component 
IS shown on the Ts diagram At state 1 the vapor is superheated at a 
temperature called the dry-hulh temperature, which can be measured 
with the usual thermometer Cooling at constant partial pressure 
occurs from state 1 to state 2. At state 2, the dew point, the water 
vapor IS saturated. If the temperature of the air is lowered beneath 

^ In this section the terminology of reference 1 has been adopted wherever 
feasible, similarly, all empirical constants have been obtained from this source 
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the dew point, the air remains saturated, although the partial pressure 
of the water vapor progressively decreases because of condensation 
while the state changes from 2 to 3. Note that the dew-point tem- 
perature allows the vapor pressure of the superheated vapor to be 
found from the Steam Tables The partial pressure of the saturated 
vapor at the dew point is also the partial pressure of the superheated 
vapor at state 1 

Relative Humidity The relative humidity (f> is best defined as the 
ratio of the actual partial pressure of the vapor to the saturated partial 
pressure of the vapor at the same temperature 


where subscript w = water vapor 

subscript s — saturated water vapor 
In Fig 10-1, the relative humidity of the superheated vapor in the 
mixture at is the ratio of the partial pressure at state 1 (or 2) to the 
partial pressure at state 4 Since the perfect-gas laws are quite 
accurate at the low pressures encountered with atmospheric air, 4> can 
be expressed as, noting that the temperature is the same at states 1 
and 4, 


_ Rv,T/v le _ __ pv> 

'pg RwT/vg Vv* pg 


(10-18) 


As shown by Eq (10-18), relative humidity (at low pressures) is the 
ratio of the density of the steam present in the mixtui e to the saturation 
density of steam at the same temperature When the relative 
humidity of the mixture is 1 0, the mixture is at the dew point. 

Humidity Ratio — Specific Humidity The humidity ratio or specific 
humidity w is defined as the ratio of the mass of water vapor to the mass 
of dry air in the mixture 


a> 


'Wl'ui 
ma_\v,T 


Thus, a mixture containing 1 Ib^ of dry air would contain w Ihm of 
steam, and at low pressure, 


(i) 


mu 

mo 


pw Pu/ -RtpT pw Rg Q 

Ta ” Pa/RgT Pa Rw ~ V ^ Pv> 


(10-19) V. 


(Ru, and Ra are specific gas constants for water vapor and air ) The 
specific and the relative humidities are related; by Eq (10-18) 


p«> = 0 Pa 
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and, upon substitution in Eq. (10-19), 


__ J _ J P» 

Pa tiy} pa 


( 10 - 20 ) 


Example 11 : The temperature in a room is 80 F, and the relative humidity is 
30 per cent Determine (o) the partial pressure of the steam and the dew pomt, 
(6) the density of each component, (c) the specific humidity. (Barometer reads 
29 92 m Hg ) 

Solution : o The vapor pressure of saturated steam at 80 F is obtained from the 
Steam Tables* 

p, = 0 5069 psia and v, « 633 1 ftVlbm 


Smce m this problem the relative humidity is 30 per cent, 


Pw “ “ 0 30(0 5069) « 0 15207 psia An« 

This partial pressure of the superheated vapor is also the saturation pressure that 
defines the dew point Thus, from the Steam Tables 


Aiew « 46 F Ana 


b The density of the saturated steam at 80 F is 
P. » ^ = = 0 00158 


and, smce the relative humidity is 30 per cent, by Eq (10-18) 

*= 0 30(0 00158) = 0 000474 Ib^/ft^ Ans 

This answer can be checked by the perfect-gas equation using 85 6 for the 

iDfn tt 

specific gas constant 

RT 


pv 

Pv 


0 15207(144) 


HT 85 6(540) 

The density of the dry air is similarly found 


- 0 000474 lb„/ft« 


Atu, 


0 0729 lb«/ft3 


Po “ p “ p« 

« 14 696 - 0 1521 
» 14 544 psia 

Pa 14 544(144) 

” 53 3(540) 

c The specific humidity is found by Eq (10-19) 

^ ^ _ 0 000474 

pa 

or more expressively 

CO Ana 


0 0729 

. I bm steam 
Ibm an 


0 0065 


Ana 


Ana 


Example 12 ; Atmospheric air at 20 F and 60 per cent relative humidity is con- 
ditioned to 80 F and 50 per cent relative humidity Determine the amount of 
water added to the air (Barometer reads 29 92 m Hg ) 
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Solution : The pressure of saturated vapor at 20 F is found in the Steam Tables 


pj =“ 0 0505 psia 

The partial pressure of the water vapor initially m the atmosphere is 

Ptr = 

= 0 60(0 0505) = 0 0303 psia 
and by Eq (10-19) the mitial humidity ratio is 

wi = 0 622 — « 0 622 0_0303 

= 0 001288 

ibm dry air 

Each of the above steps is repeated for the air after conditiomnK to 80 F 
p, = 0 5067 psia 

j>w = 0p» = 0 50(0 5067) =“ 0 2533 psia 

0.2 = 0 622 - P— = 0 622 5^^ 

p — Pw 14 443 

_ stoam 

W2 = 0 0109 77 J 

Ibm dry air 

The change m moisture content of the air during the process equals 
£02 - eoi = 0 0109 - 0 001288 

{\^u^c^a^n Ibm Water . 

=* 0 009612 rr — j Ans 

Ibm dry air 

Expressed in grains where 

7,000 grams = 1 Ibm 

£02 - £01 = 0 009612(7,000) = 67 284 Ans 

^ ^ ' Ibm dry air 


10-9. Multiple-stream Steady-flow Processes. The conditioning 
of large quantities of air or water invariably demands a steady-flow 



Fig 10-2 General steady -ftow air-conditionmg systom 

process, and, m most instances, more than one flow path will be present 
In Fig 10-2, air with its contained moisture enters a system and leaves 
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with a greater or lesser amount of vapor Because of this humidifica- 
tion or dehumidification water must also enter or leave if the process 
IB to be continuous, while the system may or may not be adiabatic 
An energy balance can be made for this general system from Eq (3-6) 
to yield 


and therefore 


Q — 'LmhoMi. — 


Q 


Btu 


time unit 


— ^ol) I (^^7i 2^ 7A 2 I (^^/ 4^/4 7ft /s) 


dry air water vapor water 

(10-21a) 

Upon dividing by rria (and changing the units of Q), it is found that 


Q 


Btu 


= (^o2 ~ “ iiilhwl) + 


(m/4/1/4 — Tfi/shfs) 


Ibm dry air ' _ , . _ , . 

(10-216) 

where subscript a = an 

w = water vapor 

/ = liquid water (although not necessarily satuiated) 

1 = entrance conditions for air-steam mixture 

2 = exit conditions for air-steam mixture 

3 = entrance conditions for water 

4 = exit conditions for water 


The amounts of water entering or leaving the system at 3 and 4 are 
not equal because a part of the water is either added or taken away 
from the air mixture. For continuity of mass flow of the water 
component, 


0)2 031 == 


771/3 — 771/4 
rria 


(10-21c) 


The equations can be simplified by defining the enthalpy of the mix- 
iure of 1 lb„ dry air plus o) Ibm of water vapor to be 


H 


Btu 

Ibm dry air 


ha H“ cohw 


When this identity is substituted in Eq (10-216), 


( 10 - 22 ) 


Q 


Btu 


Ibm dry air 




Hi + 


m/^hfi m/^hf^ 


ma 


{10-21d) 


In some instances, only one flow stream of water is associated with 
the system , for example, the spray water could be entirely vaporized 
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by the air and therefore m /4 would be zero For this case Eq (10-215) 
reduces to 

Q lU hal) + {0)2hu2 — O^lkwl) “ («2 “ Wl)5/s (10-23a) 

^ Ibm dry air 

^ H 2 - H,- (W2 - m)hf3 (10-235) 

because, for continuity of mass flow, 

?na(co 2 — Oil) == rrifz (10-23c) 

The uses for these equations will be illustrated in following articles. 

10-10. Temperature of Adiabatic Saturation (Thermodynamic 
Wet-bulb Temperature). A method for measuring humidity will now 
be analyzed Consider a process wherein the humidity of air is 
increased by passing it through an insulated chamber that contains a 


< 5 “ URROUNDweS 
Roun/Iafi 

, x^lnsulafeol chambe 

Airand , Xf 

Mfter yapon 
dit 



WrnmmM 



Airarui 
WdfBr \^por 


Fig 10-3 Process of adiabatic saturation 


large surface of water (Fig 10-3) Here the air is cooled in passing 
over the water, and the water is cooled as vaporization occurs For 
this adiabatic process the water will reach an equilibrium temperature 
when the thermal energy transferred from the air to the water is equal 
to the thermal energy required to vaporize the water This equilib- 
rium temperature (t*)^ is called the thermodynamic wet-^bulb temperature 
and, also, the temperature of adiabatic saturation, it is the lowest tem- 
perature reached by the water in the process of Fig 10-3 

The temperature of adiabatic saturation for water and air is 
measured quite closely by a wet-bulb thermometer » In Fig 10^, is 
illustrated a sling psychrometer that consists of a wet-bulb and a dry- 
bulb thermometer The wet bulb is covered with a wick moistened 
with water When the psychrometer is rapidly moved through 
unsaturated air, water will evaporate fiom the wick in a manner some- 
what similar to the evaporation process in Fig 10-3 By this means 
the wet- and dry-bulb temperatures of the air are obtained. 

Suppose that the insulated chamber of Fig 10-3 is infinitely long, 
^ The asterisk (*) designates that the property la to be evaluated at the tem- 
perature of adiabatic saturation 
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then^ the air leaving the chamber will be at the same temperature 
as the water, and, moreover, the air will be saturated with water 

vapor* Thus, as the air passes through 
the chamber, the dry^bulb temperature 
of the air progressively decreases until 
the limiting temperature of adiabatic sat- 
uration is reached. The weirbulb tem- 
perature of the air, however, remains 
constant at all sections of Fig 10-3 
because this temperature is essentially 
the temperature of adiabatic saturation 
The condition of the water vapor as it 
passes through the chamber is illustrated 
in Fig 10-5 by path 1-2 (Note that 
the dew point and the wet-bulb tempera- 
tures have quite different values except 
for the one case of saturated air.) 

The system of Fig 10-3 can be con- 
verted into a steady-flow system by sup- 
plying make-up water at the wet-bulb 
temperature. Assume that the air 


fp=C 

/ Initial dry bulb temperarfure l/\Ic»por entering 

— ^ ^chamber 

^/Dewpoint dry 
'/buib^and v>/0t 
bulb for vapor 
leaving chamber 



'tV/ck 


Fia 10-4 Sling psychrometer 



Dew pomt for vapor 
entering c hamber 


Fiq 10-5 State changes of the vapor during the 
process of adiabatic saturation 


leaves the system at the temperature of adiabatic saturation. For 
this process, when it is noted that 


Q = 0 

- h,i) = u>*{ht - h*,) = 
hat = h* 

then Eq (10-23a) can be arranged into the form, 

_ (hi - ha) + <^*h% 

" “ hy,- h^ 


(10-24) 



MIXTURES OF OASES AND VAPORS 


337 


Equation (10-24) can be used to find the specific humidity of air (u) 
since all other terms in the equation can be computed or measured with 
an apparatus like that in Fig 10-3 or with a slmg psychrometer 
However, an approximation derived from Eq (10-24) and first pro- 
posed by Carrier (1911) is most often used to find humidity (Example 
13) 

= Pt - (10-25) 

An important generalization can be seen by applying Eq (10-236) 
to the process of adiabatic saturation 

Hi -h (w* - a,i)6; = (10-26a) 

Since the middle term is relatively insignificant,^ 

Hx ^ HI (10-266) 

Equation (10-266) shows that the total enthalpy of the mixture remains 
essentially constant during the process of adiabatic saturation Since 
the wet-bulb temperature also remains constant during this process, it 
can be concluded that the total enthalpy of the air-vapor mixture is a 
function of the wet-bulb temperature. This approximation is sufficiently 
accurate for most meteorological and air-conditioning work 


Example 13 • Air has a dry-bulb temperature of 80 F and a wet-bulb temperature 
of 60 F Determme (o) the relative humidity, (b) the humidity ratio (Barometer 
IS 14 696 psia ) 

Solution * 


a 


V - 


2,830 - 144/' 


(t - n 


(10-25) 


where p* =» 0 2563 psia, — 0 5069 psia (Steam Tables 
p « 14 696 psia 


p« 


0 2563 - 


14 696 - 0 2563 


2830 - 1 44(60) 
0 2563 0 1052 


(80 - 60) 


60 and 80 F) 


« 0 1511 psia 
From Eq (10-18) 

^ SB ^ K ^ * 0 30, or 30 per cent Ans 

pM ^ Ovoy 

b From Eq (10-19) 

- 0 022 — => 0 622 - 0 00647 Ans 

p — Pw 14 545 

* For this reason the make-up water added to the adiabatic saturation process 
can be at a quite different temperature from the wet-bulb temperature without 
perceptibly changing the final condition of the air 
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or Eq (10-24) can be used 

iK - ha) + <oXa 

« “ 7 ^ 

tlyf 

where - 0 622 egg =0 0'“ ('0-19) 

h*g ■« 1059 9 Btu/lb,7» (Steam Tables 60 F; 

The enthalpy of air at low pressures is quite accurately evaluated by the perfect- 
gas relation 

hi - ha = cp{t* -0= 0 240(^* - t) 

(Here, arbitrarily, the datum of zero enthalpy is 0 F ) The enthalpy of water 
vapor at low pressures can be found from tables or from an empirical^ formula 

= 1061 + 0 444i = 1096 5 Btu/lb„. 

The enthalpy of subcooled water can be assumed to be equal to the saturated 
value for the known temperature However, adequate accuracy is obtamed from 
the approximation 

h = cp{t - 32) = 1 0(^ - 32) 
h* = (60 - 32) = 28 Btu/jb« 

(In these equations, the datum of zero enthalpy is the same as m the Steam Tables 
32 F ) With these substitutions 

0 240(60 - 80) + 0 0111(1059 9) 

" = 1096 5 - 28 

= 0 0065 Ans 

(Although the datum state for air is different from that for water, only differences 
in enthalpy appear m the equations, and therefore the datum state is of no signifi- 
cance in the calculations ) 

10-11. The Psychrometric Chart. Although the properties of the 
air mixture can be readily calculated, it is more convenient to use a 
psychrometric chart (Fig V, Appendix) The General Electric chart 
was constructed for a mixture pressure of 14 696 psia, but it can be 
used with acceptable accuracy for many calculations even though 
the real barometric pressure may differ from the standard value. The 
values on the chart are for a mixture o^" 1 pound of dry air plus the 
contained water vapor Enthalpy {H) of the mixture (called total heat 
on the GE chart) is the enthalpy of 1 pound of dry air above a datum of 
0 F plus the enthalpy of the water vapor above a datum of 32 F. 
Note that lines of constant enthalpy are also lines of constant wet-bulb 
temperatures [see Eq (10-266) and discussion] 

Example 14 : Repeat Example 11, using the psychrometric chart 
Solution : Given Air at 80 F and <> = 0 30 

a Determine the partial pressure of the water vapor and the dew point 
* Reference 1 
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On the GE chart locate 80 F on the abscissa, then ascend vertically to the 
curved line marked 30 per cent (<^) On the left ordmate scale read 

Pw =» 0 15 psia Ans, 

compared with 0 152 psia of Example 11 The dew point has the same partial 
pressure as the superheated vapor Hence, proceed horizontally from < = 80 F, 
0 =s 30 per cent (or pw * 0 15 psia), to the saturation curve (which is identified 
by the equality of the wet- and dry-bulb temperatures 

fdew “ 46 F Ans 


which agrees with Example 11 

b Determine the density of each component 

Note the diagonal lines sloping from left to right marked “Cu-ft per Lb ol 
Dry Air ” At ^ = 80 F, 30 per cent, read (interpolate) 

Va — 13 74 ftVlbm dry air 

and 

= i = 0 0728 Ans 

Va 


compared with 0 0729 Ibm/ft® of Example 11 In this same volume is contained 
45 grains of water vapor (scale on left ordinate), and 


= ^ = = 0 000468 lb„/ft» Ans. 


compared with 0 000474 lb™ ft® of Example 11 
c Determine the humidity ratio 

The specific humidity is directly the mass of water vapor associated with 
1 pound of dry air, and, as found in (b), 


CO 


grains water 
Ibm dry air 


= 0 00643 


lb m water 
Ibm dry air 


Ans 


compared with 0 0065 of Example 11 

Example 16 • Calculate the enthalpy of the mixture of Examples 11 and 14 

Solution : 

Given / = 80 P' ^ = 0 30 0 = 0 00643 

H ^ ha + ( 10 - 22 ) 


When the equations given m Example 13 are substituted, 

H = 0 240< -i- 0 00643(1061 -h 0 444t) 

= 19 2 -h 7 05 

= 26 25 Btu/lbm dry air Ans 
Compare with the chart value 26 5 Btu/lbm dr\ air 

10-12. Air-conditioning Applications. Adiabatic Mixing A steady- 
flow process frequently encountered m air conditioning is the adiabatic 
mixing of several streams of air to form a conditioned mixture Sup- 
pose that two streams of air enter a system and adiabatically mix, and 



340 THERMODYNAMICS 

one stream of air emerges (Fig 10-6) For this system, 

"EmhoMi = Xmhin 

and 

rriaiHi + rriaiH^ = (mai + 

TWalWl + ^nra2«2 = (wlaX + ^<12)0)3 

Equations (10-27) and (10-28) can be rearranged 


(10-27) 

(10-28) 


and therefore 


mal(Hi “ Hz) = — H 2) 

Wal(a>i — ws) = Wla2(w8 ” W 2 ) 


ffs - H2 

Hi - Hz 


CO 3 — W 2 


(10-29a) 


On the psychrometnc chart the final state 3 of the mixture lies on a 
straight line connecting the initial states of the two streams before 




Fig 10-6 Adiabatic mixmK process on the psvchromctric chart 

mixing This is proved by Fig 10-6 and Eqs (10-29) (since the H 
and a? scales are linear) 


line 2-3 
line 3-1 


Hz - H2 
Hi - Hz 


(10-296) 


Moreover, as shown by Eq (10-296), the final state 3 divides the line 
into two parts that are in the same ratio as were the two relative masses 
of dry air before mixing 

Example 16: A stream of 2,000 cfm of saturated air at 50 F is mixed with 1,500 
cfm of air at 80 F and 60 per cent relative humidity Determine the final con- 
dition of the mixture 

Solution : From the psychrometnc chart 
At 50 F (sat) 

ft» 


\t 80 F, ^ = 0 60 


Ihn. dry air 


Va ™ 13 88 11 1 — 

Ibm dry air 


2,000 

“13 0 


Ibm dry air 


1,500 _ dry aii 

13^ min 


Hence, 
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The straight line connecting the two initial states can be divided by the ratio Hi, 
and point 3 is located • 

^ te 71 F 71 per cent Ans 

Heating and Cooling without Change in Specific Humidity If air 
18 heated or cooled without change in moisture content, the path for the 
process must lie on a horizontal line on the psychrometnc chart, such 
as line 1-2, Fig 10-8 The heat transferred to or from the air is readily 
found by Eq (10-21 a), (10-216), or (10-21d) for the condition that 

W/3 = ^n/4 = 0 

Cooling and Dehumtdifying Suppose that a cooling coil is placed 
in the air stream, as illustrated in Fig 10-7 One portion of air may 



Fig 10-7 Cooling and dehurnidifying process on the paychrometnc chart 

be cooled along path ah to the dew point, and condensation would then 
take place as the temperature is reduced from h to c' or c'' A second 
portion of air may never strike the coil but instead may be cooled by 
mixing with the first and colder element Now if the cooling coil is 
infinitely long, the air will mix together and assume an average end 
point such as c However, m the real system, this saturated state is 
never reached and the final state of the air stream will be at a point 
such as d Since this entire pro(‘ess involves mixing as well as cooling, 
point d will he on a line between the initial state a and the theoretical 
saturation condition c at the mean surface-temperature of the coil 
The heat that must be transferred from this system is evaluated by 
modifying Eq (10-236) 

Air can be cooled and dehumidified by passing the air stream 
through a spray or curtain of cold water that is chilled by an external 
refrigerator to a temperature lower than the dew point of the initial air 
The air will be humidified and cooled if the water is supplied at a 
higher temperature than the dew point of the air stream and, of course, 
at a lower temperature than the air temperature These processes 
can be evaluated by Eq. (10-21a), (10-216), or (10-21d) 

Evaporation Cooling If the quantity of water sprayed mto an air 
stream were reduced until no leaving stream of water left the system, 
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it would be found that the air would be cooled and humidified The 
air would be cooled even though the temperature of the entering water 
was higher than that of the air In this instance, the heat capacity of 
the small amount of water that enters the system cannot markedly 
increase the temperature of the much greater amount of air But when 
evaporation occurs and the high latent-heat demands of water are 
satisfied, a pronounced drop in temperature of the air takes place to 





^cjfmakcup) 




2 1 3 


Fiq 10-8 The processes of heating without change in specific humidity and evapora- 
tive cooling on the psychrometric chart 


supply the thermal energy In a similar manner, if a small amount of 
very cold water is introduced and entirely evaporated, the chilling 
effect of the cold water on the hot air is negligibly small in companson 
with the thermal demands of vaporization 

In evaporative cooling, a large amount of water is pumped into a 
spray chamber and constantly recirculated without transfei ot heat 
Thus, the temperature of the water will gradually decrease and 
approach as a limit the temperature of adiabatic saturation To this 
circulating water must be added make-up water to replace the watoi 
vapor that has been formed and earned away by the air The amount 
of make-up water will be small; thus, the effect of its temperature, 
being other than the wet-bulb temperature, on the equilibrium tem- 
perature IS negligible. 

This type of air washer, with recirculating water that is neither 
heated nor cooled from an external source, is a common means for 
cooling and humidifying air The path followed by the air during the 
cooling is essentially at constant wet-bulb temperature (path 2-3, Fig 
10-8), and the energy balance foi the process is given by Eq (10-26a) 
(Note that process 1-2 in Fig 10-8 is quite independent of process 2-3 ) 


Example 17 : Air at a temperature of 90 F and 30 per cent relative humidity is 
cooled m an adiabatic spray humidifier that uses recirculated water If the 
process reduces the air temperature by 80 per cent of the ongmal wet-bulb depres- 
sion, what wiU be the final condition of the air? 

Solution : Ait = 90 F, ^ ™ 0 30, then, from the chart = 67 2 F 


Original wet-bulb depression »» 90 — 67 2 * 22 8 F 
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Then, the temperature reduction is 

A/ = 22 8(0 80) - 18 24 F 
and the dry-bulb temperature equals 

i = 90 - 18 24 71 76 F Am 

(The final wet-bulb temperature is the same as the mitial value 67 2 F ) From 
the chart 

= 0 80 Ans 

Cooling Tower. A cooling tower is often used to cool water by 
evaporation At the top of the tower, hot water is sprayed downward 
through baffles that keep the water in small streams or drops to 
present large areas for evaporation. Atmospheric air enters the tower 
at the base and flows upward against the liquid particles; the hot 
water is cooled, mainly by vaporization of a part of the water, while 
the air is raised in temperature and also saturated (essentially) with 
water vapor Because of the evaporation, the water may be cooled 
below the dry-bulb temperature of the entering air (but it cannot be 
cooled below the wet-bulb temperature). Equation (10-21a), (10-21b), 
or (10-21d) can be directly applied to this adiabatic process by noting 
that Q = 0. 

Example 18 • Water is cooled in a cooling tower from a temperature of 100 to 75 F 
Air enters the tower at a temperature of 82 F with relative humidity of 40 per cent 
and leaves at a temperature of 95 Y with relative humidity of 98 per cent Deter- 
mine (a) the amount of water cooled per pound of dry air and (6) the percentage 
of w ater lost by evaporation 

Solution* a Equation (10-21d) is best used for solution with Q « 0 and 
mo *= 1 Ibm 

H 2 — Hi -Y m/4/1/4 — m/a^/a = 0 (a) 

From the psychrometric chart, 

< = 82 F (^ = 40 per cent Hi = 30 Btu/lbm dry air (and t* = 65 F) 
t*)i == 65 grains/lbm dry air 

/ *= 95 F = 98 per cent H 2 = 62 2 Btu/lbtu dry air 
6>2 = 250 grains/lbm dry air 

(These values, of course, could have been computed ) From Eq (10-2 Ic) for 
frta “ 1 Ibm 

w/s — m/4 0^2 — “ 250 — 65 =» 185 grarns/lbm dry air 0 0264 

m/I « 0 0264 -f ^/4 

The enthalpy of the water can be approximated by the relation 

A/ « (/ — 32) Btu/lbm 

^ - 100 F A/I - 68 Btu/lbm ^ « 75 F A/4 « 43 Btu/lb„ 



344 


THERMOD Y NAM ICS 


Substituting these values in Eq (a), 


62 2 - 30 + m/4(43) - (0 0264 + m/4)68 


m/4 =* 1 218 


Ibm water 
Ibw dry air 


Ans, 


0 


b The percentage of water lost by evaporation is 


m/3 


— m/4 = a»2 — wi =0 0264 


lb« water 
Ibm dry air 


or 

n 0264 

1218 + 0 0264 = ° 2 

Thus, for every pound of hot water entering the tower, 0 9788 Ibm of cold water 
leaves the tower 

10-13. More Detailed Treatment of Mixtures. The laws of 
Dalton and Amagat can be proved true only for a mixture of ideal 
gases because the perfect-gas equation of state is a necessary part of 
the derivations However, the philosophy of either law can be 
applied to a mixture of real gases without demanding that the real 
gases obey the perfect-gas equation of state The pressure exerted 
by each component of a mixture can be computed by methods known 
to be more exact than the perfect-gas equation, and the total pressure 
can be premised to be the sum of the component pressures Thus, 
Dalton's law of additive pressures, 

V = V- + Vh + • ' ' p,]j. (10-30) 

is here released from any dependence on the perfect-gas equation of 
state It IS still assumed that each gas occupies the entire volume of 
the mixture and exerts a pressure that is totally independent of the 
pressure of the other components. 

In similar manner the law of Amagat can be treated. Here the vol- 
ume occupied by a component, at the pressure and temperature of the 
mixture, can be computed by means other than the perfect-gas 
equation 

V=V.+ Vi+ • ( 10 - 31 ) 

Although Dalton's and Amagat's laws will give identical answers 
for a mixture of perfect gases, the two laws generally yield different 
answers for real gases Which of these laws will better predict the 
properties of a particular and real-gas mixture cannot be definitely 
stated, although certain generalizations can be attempted The law 
of Amagat treats each component at the full mixture pressure, this 
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procedure implies that each gas m the mixture recognizes the existence 
of the other gases and engages in molecular collisions and interactions 
with these components to the same degree as if the gas were entirely 
homogeneous, Dalton’s law treats each gas at a pressure lower than 
the mixture pressure; this procedure ignores entirely the density of 
the mixture, which may be high because of the presence of other gases 
For these reasons the law of Amagat should be more accurate than 
Dalton’s law (but see Example 19), although it must be realized that 
both laws are semiempincal Because most equations of state are 
explicit in pressure, Dalton’s law is easier to apply than Amagat ’s law, 
which may require a trial-and-error solution 


Example 19 : Calculate the pressure exerted by a mixture^ of 0 396 mole methane 
and 0 604 mole butane if the volume is 8 518 ft^ and the temperature is 460 F 

Am 68 atm 

Solution : 

a Law of Additive Pressures Van der Waals’ equation will be used to find 
the pressure of each component 
From Table VIII (Appendix) 



a 

I 

Methane 

578 9 atm ftVmole^ 

0 684 ftVmole 

Butane 

3,675 

1 944 


RqT _ u ^ nRpT ^ 
y — 6 V — bn F* 


where 


Ho = 0 73 


atm ft^ 
mole R 


The pressure of the methane is 

0 396(0 73)920 678 9(0 396)2 

8 518 - 0 684(0 396) (8 518)* 

=■ 32 25 - 1 25 
= 31 0 atm 

The pressure of the butane is 

0 604(0 73) (920) 3675(0 604)® 

PC4H,. = 8 518 _ 1 944(0 604) (8 518)* 

= 55 25 - 18 45 
« 36 8 atm 

Thus, the predicted pressure by Dalton’s law is 
P = PCH4 + Pc«h,o]t V 

* 31 0 + 36 8 = 67 8 atm Ans 

‘ Data are from Rbameb, H H , K J Korpi, B H Sage, and W N Lacey, 
Ind Eng Chem , 89 (No 2), 206-209 (February, 1947) 
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The error from the true pressure of 68 atm is neghgible However, the perfect-gas 
equation of state predicts that 


^ nR^T ^ (1 0) (0 73) (920) 


8 518 


' 78 8 atm 


10 8 

an error of = 0 159, or 15 9 per cent 


b Law of Additive Volume Since van der Waals^ equation is not explicit in 
volume, a tnal-and-error method must be used, noting that here the pressure of 
the component is equal to the pressure of the mixture: 

uRqT an 

V = vcm = pc«Hio = y _ - yi 

V = Fch4 + T^C4Hi<i1p r 

Equatmg van der Waals^ equations for each component, 

0 396(0 73)920 _ 578 9 ro 396)^ _ 0 604(0 73) (920) 

^ VcUi — 0 2705 Vqh^ — 1 175 

266 90 7 405 

^ “ Fch. - 0 2705 “ “ Fc,h., - 1 175 

Also, since the volume is known, 

V =* ycH4 H" Fc4Hio]j>,r = 8 518 ft® 

After several trial solutions, 

Fch 4 “ 4 464 ft® Fc^Hio “ 4 054 ft® 

When either of these values is substituted m the appropriate van der Waals’ 
equation, the pressure is calculated to be 

p = 68 7 atm Ans 
The error m this method of solution is 
9 3 

= 0 136, or 13 6 per cent 

In this instance the additive-pressure law is more exact than the additive- volume 
law However, it should be remembered that van der Waals’ equation is, also, 
a semiempincal relationship which will more precisely describe the state m some 
ranges than in others (Art 7-7) Thus, the combination of additive- volume and 
additive-pressure semiempincal laws with the semiempincal equation of state 
may well make the answer somewhat fortuitous Notwithstanding, the method 
18 to be preferred rather than to chance the perfect-gas equation 

The Compressibility Factor for a Mixture, The compressibility 
factor for a mixture can be found by substituting 

ZnRoT Tr ZnRoT 
p = — y or V - 


3675(0 604)® 
1,340 


Vi 




V 


(7-23) 
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in the additive-pressure or the additive-volume laws: 


p = P. + P6 + • • • ]j, 


F = Fa + n + - 

] p.r 


For the additive-pressure law, 


ZuRqT ZaXi'cMoT' . Zh'flhftoT 

V V ^ V 

V Uv 


hZ = flaZa "h 'flbZb “h 'l^cZc 

\t,v 

(10-32a) 

Z = XaZa “h XbZb ~|“ XcZc^ 
For the additive-volume law, 

T,V 

(10-325) 

ZnRoT _ ZatiaRoT ^ Z>,rnRoT ^ Z^ricKoT 

V V V V 


nZ = UaZa -h riiZb -)- UcZc 

\tp 

(10-33a) 

Z 1 CCifZji 1 XcZ c 

\t.p 

(10-33h) 


Although Eqs (10-32) and (10-33) have the same appearance, it 
should be noted that the conditions for evaluation are different, as 
indicated by the subscripts on the bracket. 


Example 20 : Calculate the pressure exerted by a mixture^ of 0 396 mole methane 
and 0 604 mole butane if the volume is 8 518 ft^ and the temperature is 460 F 
Ans 68 atm 

Solution From Table VII (Appendix) 


CH4 

Pc = 45 8 atm 
Tc = 343 3 R 


CiHio 

pc = 36 0 atm 
Tc = 766 8 R 


a Law of Additive Pressures It will first be necessary to find the pseudo- 
reduced volume by 


CH* 


C4H1Q 


Vr' 


Vr> 


Vr> 


PcV _ pAV /rit) 
RqTc RoTf. 


45 8(8 518/0 396) 
0 73(343 3) 
36(8 518/0 604) 

0 73(766 8) 


= 3 93 


= 0 908 


(7-27c) 


Note that each component is evaluated at the mixture volume The reduced 
temperature equals 

* Data are same as for Example 19 See footnote, p 345 
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CH4 

C4H10 


Tr 

Tr 

Tr 


L 

Tc 
920 
343 3 
920 
766 8 


= 268 
= 120 


The compressibility factors for the components at the volume and temperature 
of the mixture are found from Fig VII (Appendix) 


CH, C4H10 

Tr = 2 68 Vr' = 3 93 Tr “ 1 20 1;/ = 0 908 

Z = 1 00 Z - 0 79 

{Pr =0 7) (Pr = 1 05) 

Substitutmg^ these values for Z m Eq (10-326), 


Then, 


Z = (a:Z)cH4 + (a;Z)c4Hio “ 0 396(1 00) -h 0 604(0 79) 
= 0 87 

ZRoT 0 87(0 73) (920) 

^ « 8 518 

= 68 6 atm Am 


(7-23) 


The answer, in this instance, closely checks the experimental data 

6 Law of Additive Volumes The solution must be made by trial and error 
From data in (a) 



CH, 


C4H,n 


r, = 2 68 


Tr = 1 20 


p 


» p 


" 45 8 


36 0 

Also, 

Fch, + 

FC4H10 = V 

= 8 518 

and therefore 

rZnfto7’1 

. VZnR^T' 

1 =8 518 


+ ^ 


L V Jch4 

L V - 

IC4H10 


Zch 4(0 396) (0 73) (920) -h 604) (0 73) (920) = 8 518p 

266Zch4 + 405ZC4H10 8 518p 

Arbitrarily select a value for p, then, find Z for each component from pr and Tr 
(Here the components are evaluated at the temperature and pressure of the mix- 
ture ) After a few trials 


Zch4 = 1 01 ZC 4H10 = 0 64 
and this answer is 


62 atm 


Am, 


68 62 
68 


' 0 088, or 8 8 per cent too low 


' This procedure, rather than to use directly the reduced pressures read from 
the chart, will yield better accuracy 
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Kay^ proposed that the pseudocntical temperature and pressure 
for the mixture could be found by the empirical equations: 

Tc' = XaTca + x.Toi, + (10-34a) 

Pc' ‘ XaPca Xhpcb ”1** (10“34b) 

Example 21 ; Kepeat Example 20, using Kay’s rules 
Solution ; For the data of Example 20 


Te' « XaTca + Xl,Tcb 

« (0 396) (343 3) + (0 604) (766 8) » 599 R 
Pe' ^ XaPca "1" XbPeb 

- (0 396) (45 8) + (0 604) (36) - 39 85 atm 


The reduced temperature la 



920 

599 


= 1 535 


The pseudoreduced volume is obtained from 


Vr' 


RqTc 

_ 39 85(8 518) 
0 73(599) 

= 0 776 


With these values, Z is obtained from Fig VII (Appendix) 

Z = 087 

and the pressure equals 


ZRoT 0 87(0 73) (920) 
V 8 518 


68 5 atm 


Ans 


{7-270 


(Compare with the experimental value of 68 atm ) 

Problems 

Standard barometric pressure of 14 696 paia is used unless otherwise specified 

1. A mixture of 5 lb™ of argon, 10 Ibm of nitrogen, and 10 Ib^^ of methane has 
a pressure of 20 psia and a temperature of 100 F Determine for the mixture 
(a) the molecular weight, (5) the partial pressure and partial volumes, and (r) the 
molar volume (volume of 1 mole of mixture) 

2 . Repeat Prob 1, but assume that the mixture consists of 2 moles of oxygen 
and 3 moles of hydrogen 

8. A mixture, contammg 26 Ib^ of nitrogen and the remainder oxygen, 
occupies a volume of 100 ft* at a pressure of 75 psia and temperature of 60 F 
Determine the molecular weight of the mixture and the partial pressure of the 
nitrogen 

4 . Repeat Prob. 3 but assume that the mixture contains 0 3 mole fraction 
of nitrogen and 0 7 mole fraction of oxygen. 

^ Kay, W B , Density of Hydrocarbon Gases and Vapors, Ind Eng Chem , 28 
(No 9), 1014-1019 (September, 1936) 
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0. A mixture of 0 1 mole of oxygen and the remamder carbon dioxide occupies 
a volume of 100 ft* at a pressure of 200 psig If the partial pressure of the carbon 
dioxide IS 150 psia, what is the temperature of the gas? 

6. Derive the relationship mR — rriaRa + mA + ^cRe 

7. Determine the volumetric analysis for the data of Probs 1 through 6 

8 . Determine the gravimetric and ultimate analysis for the data of Probs 1 
through 6 

9. A mixture of 30 per cent nitrogen and 70 per cent carbon dioxide (by 
volume) has a temperature of 200 F Calculate the internal energy and enthalpy 
of this mixture above a datum of 0 F for the mternai energy (use vanable-heat- 
capacity relationships) on a mole and also a pound-mass basis 

10. Repeat Prob 9 but for a temperature of 600 F 

11. Ten pounds mass oxygen at 100 psia and 200 F is m a container that is 
connected through a valve to a second container filled with 20 lb,» carbon dioxide 
at 50 psia and 100 F The valve is opened, and adiabatic mixing occurs Deter- 
mine the final pressure and temperature 

12. Repeat Prob 11, but assume that the second tank contained 0 5 mole 
of nitrogen 

13. Repeat Prob 11, assuming that the process was not adiabatic and that 
10 Btu of heat was transferred to the surroundings during (and not after) the 
mixing process (Use constant values for the heat capacities ) 

14. Determine the probable volumetric analysis for the data of Prob 11 

15. Compute the change m entropy for the data of Prob 1 1 

16. Compute the change m entropy for the data of Prob 12 

17. Compute the change m entropy and enthalpy for the data of Prob 13 

18. A mixture containing 0 3 mole fraction of air and 0 7 mole fraction of 
methane is compressed from pi = 14 7 psia and =60 F to p 2 =120 psia 
Compute the final temperature of the mixture and the change in entropy for each 
component (Use constant yalues for the heat capacities ) 

19. Repeat Prob 18, using yanable-heat-capacity relationships 

20. Repeat Prob 18, assuming that the final state has a yolume one-sixth of 
the original yolume (and p 2 is unknown) 

21 A mole of air saturated with water yapor is m a tank at a temperature of 
300 F and a pressure of 100 psia Determine the amount of water vapor in the 
mixture 

22 If the mixture in Prob 21 is cooled to 200 F, what will be the pressure? 
How much heat must be transferred in this process? (Use constant value of heat 
capacity for the air and Steam Table values for the water ) 

23 Compute the change in entropy for the data of Prob 21 (Use Steam 
Table data for the w^ater ) 

24. Repeat Example 9, assuming that the temperature m the manifold is 
50 F and the vapor pressure is 0 45 psia 

25 What must be the pressure m the manifold of the engme m Example 9 
if the air mixture is saturated? (Temperature is 60 F ) 

26. A mixture of 0 2 Ibm steam and 0 2 Ib^ air is in a tank at a temperature 
of 200 F Determine the volume and the pressure in the tank 

27. Determine the heat that must be transferred to raise the temperature 
of the mixture in Prob 26 to 300 F 

28. The temperature m a room is 68 F and the specific humidity is 0 006 
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Calculate the relative humidity and the density of each component, and find the 
dew pomt, 

29. Determme how much moisture must be added or removed from 1,000 cfm 
of the air m Prob 28 to change the temperature to 80 F and the relative humidity 
to 50 per cent 

30 Calculate the heat that must be transferred during the process of Prob 29 

31 . Air has a dry-bulb temperature of 60 F and a wet-bulb temperature of 
50 F Calculate the relative humidity, humidity ratio, the dew pomt, and the 
density of the mixture 

32 Air has a dry-bulb temperature of 75 F and a relative humidity of 50 per 
cent Determine the temperature of adiabatic saturation, the humidity ratio, 
the dew point, and the enthalpy of the mixture 

33 . Check Probs 31 and 32 by means of the psychrometric chart 

34 A stream of 1,000 cfm of saturated air at 60 F is mixed with 1,500 cfm of 
recirculated air at 75 F and 60 per cent Determine the final condition of the 
mixture 

35 . Air at 60 F and 30 per cent relative humidity is to be added to 1,000 cfm 
air at 80 F and 60 per cent relative humidity to achieve a resultant mixture at 
70 F Determine the amount of air that must be added and the final conditions 
of the mixture 

36 . A stream of 1,000 cfm of air at 90 F and 90 grains specific humidity is to 
be cooled to 75 F using a coolmg coil wuth surface temperature above the dew 
point of the air How much heat must be transferred? 

37 . The air in Prob 36 is to be cooled and dehumidified by usmg a coil with 
a mean surface temperature of 50 F If the resultant air stream after mixing 
and coolmg has a relative humidity of 90 per cent, compute the amount of heat 
that was removed 

38 Air at 85 F and 50 per cent relative humidity is to be cooled and dehumidi- 
fied by a coil with mean surface temperature of 50 F If the performance factor 
of the coil, 

10 ^ftjrou t 
^tur m ^coii 

18 0 90, determine the final conditions of the air and the amount of heat transferred 

39 Air at 50 F, <^) = 40 per cent, is to be conditioned to 72 F and = 50 per 
cent, m the following processes (o) heating at constant humidity ratio , (6) humidi- 
fied at constant wet-bulb temperature (to saturation), (c) heating at constant 
humidity ratio Determine the condition of the air after each process and the 
heat transferred during each process 

40 Repeat Prob 39, assuming that the air temperature in the evaporative 
coolmg process is reduced by 80 per cent of the original wet-bulb depression 

41 . Water at 120 F enters a coolmg tower and leaves at 77 F Air enters 
the tower at 80 F and 30 per cent relative humidity and leaves at 110 F Deter- 
mine the air flow necessary to furnish 100,000 Ibm hr'^ of cooled water and the 
water make-up rate 

42 . Discuss the term saturated as applied to a liquid, vapor, and mixture. 

43 . Show that the difference m datum states between the air and the water 
steam m the empirical equations m Example 13 does not affect the validity of the 
final equation 
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44 . Determine the approximations made in deriving Eq (10-25) [Substitute 
£q (10-19) and M » 0 24(^2 ^ ^i) m Eq (10-24), and then note simplihcations 
necessary to obtain Eq (10-25) ] 

46 . Calculate the pressure exerted by a mixture of 0 6 mole of methane and 
0 5 mole of propane if the temperature is 194 F and the volume is 7 66 ft* Use 
van der Waals^ equation and the law of additive pressures (Observed pressure 
is 50 atm ) 

46 . Repeat Prob 45, using the law of additive volumes. 

47 . Repeat Probs 45 and 46, using the compressibility factors (Note that 
the propane is in the hquid state for the conditions of Amagat’s law, Z is esti- 
mated from the chart to be 0 2 ) 

48 . Repeat Prob 45, using Kay's rules 

In Probs 49 through 52 calculate the molar volume of a mixture of 0 1879 mole 
fraction of methane and 0 8121 mole fraction of butane if the pressure is 4,000 psia 
and the temperature is 100 F (Observed volume is 1 4363 ft* ) 

49 . By van der Waals’ equation and the law of additive pressures 

60 By using van der Waals' equation and the law of additive volumes 

61 . Using compressibility factors 

62 . Using Kay's rules 

Symbols 

a, 6 van der Waals' constants 

c heat capacity 

F Fahrenheit temperature scale 

h specific enthalpy 

H enthalpy, most often, of 1 Ibm air plus w lb„ water vapor 

k ratio of Cp/cv 

M molecular weight 

m mass, also, mass flow rate 

n mole 

p pressure 

psxa absolute pressure (lb/ in 

psig gauge pressure (lb/ in ”*) 

Q heat, also, heat rate 

R specific gas constant 

f2o universal gas constant 

R Rankine temperature scale 

« specific entropy 

S entropy 

t temperature, thermodynamic 

T absolute temperature 

u specific internal energy 

U mternal energy 

V specific volume 

V volume 

W work 

X mole fraction 

Z compressibility factor 

» or — * approaches equality 
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Greek Letters 

(phi) relative humidity 

(eigma) summation 

p (rho) density 

u. (omega) humidity ratio — specific humidity 

Subscripts 

a, bj c, t components of mixture 
a air 

c critical state 

/ liquid water (subcooled or saturated) 

fg change from saturated liquid to saturated vapor 

g saturated-vapor value in Steam Table 

m mass 

mix mixture 

K nitrogen 

O oxygen 

p constant pressure 

r reduced property 

r pseudoreduced property 

'f saturated vapor 

V constant volume 

w water vapor (steam) 

Superscript 

* state of adiabatic saturation 

Suggested Reference 

1 “Heating, Ventilating, Air Conditioning Guide," American Society of Heating 
and Ventilatmg Engmeers, New York, 1946 
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CHAPTER XI 


THERMOCHEMICAL CALCULATIONS 

The chemistry of the combustion process is an engineering problem 
of practical and, also, theoretical significance The practicing engi- 
neer must be able to calculate an energy balance for the commercial 
power system, and he should be aware of the limitations to the process 
of combustion that theory is able to predict 

11-1. Combustion Equations. Consider the reaction taking place 
when carbon unites with oxygen to form carbon dioxide 

C -f“ O 2 CO 2 (<i) 

This equation can be read 1 molecule of carbon unites with 1 molecule 
of oxygen to form 1 molecule of carbon dioxide. 

1 molecule C + 1 molecule O 2 — ^ 1 molecule CO 2 (b) 

The relative masses of these molecules are shown by the molecular 
weights 

C = 12 O 2 == 32 CO 2 = 44 

and, therefore, 

12 units mass C + 32 units mass O 2 = 44 units mass CO 2 

12 Ib^ C -t- 32 Ib^ O 2 = 44 lb„. CO 2 (c) 

In this manner the chemical-reaction equation is converted into a mass 
equation Each mass shown in Eq (c) is, by definition, a mole (Art 
7-5), and therefore Eq (a) is equivalent to 

1 mole C + 1 mole O 2 1 mole CO 2 (d) 

A mole of any perfect gas, under fixed conditions of temperature and 
pressure, occupies a definite volume, and this condition is approxi- 
mated by real gases at low pressures Thus, Eq (d) can be written 

1 volume gaseous C -b 1 volume O 2 — ^ 1 volume CO 2 J* ^ (c) 

Comparison of Eqs (a), (b), (d), and (e) shows that Eq (a) can be 

* The subscripts on the bracket indicate that all volumes must be evaluated 
at the same pressure and temperature 
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interpreted to be either a molecular, a molar, or, with some approxima- 
tion, a volumetric equation This basic form of the chemical equation 
can always be converted into a mass equation by multiplying each term 
by the appropriate molecular weight (Eq c). 

By the same line of reasoning, the equation for the combustion (or 
reaction) of hydrogen and oxygen can be written in any of the following 
forms , 

H2 "I" "ff O2 — ^ H2O 

1 mole H2 + i mole O2 — > 1 mole H2O 

1 volume H2 + i volume O2 — > 1 volume H20]p,r 

2 016 lb,. H2 + 16 lb,. O2 = 18 016 lb,. H2O 

18 016 Ibm mixture = 18 016 Ibm products 
1^ mole mixture 9 ^ 1 mole products 

These equations show that the mass of mixture must equal the mass of 
products, although the number of moles (and volumes) of mixture and 
products are not necessarily equal 

In most instances, the combustion process is with atmospheric air 
and not with pure oxygen The nitrogen and other gases in the air 
merely dilute the concentration of oxygen and usually appear in the 
products unchanged in form For example, the combustion of carbon 
and pure oxygen is 

C + O2 CO2 

and when the oxygen is supplied by dry air, 3 76 moles of nitrogen and 
other inert gases will accompany each mole of oxygen 

C + O2 + 3 76N2 CO2 + 3 76N2 

Here the symbol N2 includes all of the inert gases found m atmospheric 
air When the molecular weight of 28 161 (Art 10-8) is assigned to 
these gases, the mass equation is determined . 

12 lb,. C + 32 lb,n O2 + 106 lb,. N2 = 44 lb,. CO2 + 106 lb« N2 

The steps in balancing the chemical equation can be illustrated by 
the complete combustion of octane (CsHis) with the theoretical amount 
of dry air 

CsHis + O2 + N2 CO2 + H2O + N2 

(unbalanced equation) 

First, a carbon balance is made (Cnjxture = Cproduct.) 

CsHis 8CO2 



THBRMOCHEMICAL CALCULATIONS 


359 


then, a hydrogen balance = Hproduot*) 

Ob^is 9H2O 

followed by an oxygen balance (Oproduct* = 0 mixture) 

12^02 ^ 8CO2 + 9H2O 

and, finally, a nitrogen balance (N2 = 3 76 O2) 

12 i (3 7G)N . 47N2 

The complete combustion equation is 

CbHis + 12^02 + 47N2 8CO2 + 9H2O + 47N2 

The relative masses of air and fuel taking part in the reaction is of 
interest The air-fuel ratio is defined as a mass ratio 

. „ _ mass air _ 12^(32) + 47(28 16) _ ^ ^ ( 15 1 Ibm air\ 

~ mass fuel “ 8(12) + 18(1 OOW “ ^ ^ lb„ fuel / 

The usual case of combustion involves a quantity of air either 
insufficient for complete combustion or else m excess Assume that 
25 per cent excess air, instead of the theoretical amount, is supplied 
to the reaction of CsHis and air: 

CsHis + |(12i)02 + |(47)N2 -> 8CO2 + 9H2O + 3 I2O2 + 68 75N2 

The excess air appears in the products unchanged in form When 
insufficient air is supplied, not all the carbon will be oxidized to carbon 
dioxide, and free hydrogen may appear. Assume that the products 
of combustion are carbon dioxide, carbon monoxide, water vapor, and 
nitrogen (neglecting hydrogen) when octane is burned with 85 per cent 
of the theoretical amount of dry air 


CbHib + 0 85(12^)02 + 0 85(47)N2 aCO^ + hCO + 9H2O + 4ON3 


A carbon balance 
An oxygen balance* 


8 = a + 6 
10.62 = 0 + 1 + 1 


When these two equations are solved simultaneously, 


o = 425 
5 = 3 75 
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and the balanced-reaction equation is 

+ 10 6O2 + 4ON2 4 25CO2 + 3 75 CO + OHaO + 4ON2 

11-2. Combustible Elements in Fuel. The combustible elements 
in fuels are predominantly carbon and hydrogen with small amounts of 
sulphur as the only other essential fuel element Solid fuels, such as 
coal, consist of carbon, hydrogen, and oxygen with other elements 
appearing m small amounts A representative ultimate analysis of a 
dry bituminous coal, exclusive of ash and moisture, might appear: 
C, 88; H, 6 , 0, 4; N, 1 , and S, 1. Liquid fuels are mixtures of complex 
hydrocarbons, although for combustion calculations gasoline or fuel oil 
can be assumed to average^ the molecular formula CsHn The same 
procedure cannot be used for coals because analyses of different coals 
vary widely 

Example 1 : What would be an equivalent formula for a hydrocarbon fuel that 
analyzes 87 per cent C and 12 per cent H? 

Solution: The formula will be of the form 

CaHb 

and by the analysis and molecular weights 

(12)a « 87 or a = 72 5 
(1)?? 12 or h « 12 

The result is 

O7 2firil2 Afis 

If desired, this answer can be multiplied by 4 to obtam whole numbers* 

C29H48 Ans 

Example 2: Determine the complete-combustion equation for the represen- 
tative coal analysis listed in this article 

Solution : The formula for the coal can be represented by 


CaH^S^OdN. 

The ultimate analysis is 


C 1 

H 

0 

N 

1 

S 

88% 

6% 

4% 

1 % 

1% 


The formula is equivalent to 

Cj|HfO^,NASA 


and a “mole” of this coal will have a mass of 100 lb». The reaction equation for 
this artificial mole unit is 

^ This value is probably more exact for mid-continent gasolines than a value 
obtained from a single ultimate analysis 
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Ct ijtH60o.26No o7iSo 0S12 + 02 + (3 7602)N8 — ► COi + HjO + SOj + (m air 

and fuel) N 2 

As before, a carbon balance: 

7 333C 7 333CO2 

A hydrogen balance 

6H 3H2O 

A sulphur balance 

0 0312S 0.0312SOj 

An oxygen balance 

' 2 ' + O2 7 333 + 2 + 0 0312 

or O2 = 8 74 (oxygen supplied by air) 

Finally, a nitrogen balance 

Nj = (fuel) + 3 76(8 74) (air) 

= 0 035 + 32 85 
= 32 88(nitrogen m products) 

The complete equation for 1 *‘mole^^ (100 Ibm) of dry and ash-free coal is 

(Ct assHfiSo 03,2 etc ) +8 7402 + 32 SSNj -> 7 333C02 + 3H2O 

+ 0 0312802 + 3288N2 

Note that the oxygen, hydrogen, and sulphur m the fuel could have been neglected 
for simplicity without significantly affecting the accuracy of the solution 
Example 3 Compute the air-fuel ratio for the data of Example 2, 

Solution ; The mass of air is computed, the molecular weight of air being noted 
as closely 29 

Mass air » 29(8 74 + 32 85) 1,207 Ibm air 


Since the artificial mole unit was set up from an ultimate analysis that totaled 
100 units, then 1 mole of coal has a mass of 100 Ib, and the air-fuel ratio is 


jp mass air ^ 1,207 igoy 

mass fuel 100 Ib„ fuel 


Ans 


However, this is for ash and moisture-free coal Suppose the coal as fired had 
8 per cent water and 10 per cent ash , then 


g Ibtn water X 1(X) 

(100 Ibm dry ash-free coal) + g + h 
b Ibm ash X 100 
(100 + g + 6) 

Solvuig these equations, 


8 per cent 
10 per cent 


an 0 75 Ibm H 2 O/IOO Ibm dry asb-free coal 
b = 12 19 Ibm ash /1 00 Ibm dry ash-free coal 
21 94 
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Then, the gross amount of coal burned is not 100 Ibm but 121 94 ibm, and the air-fuel 
ratio equals 


AF 


mass air 


^ 1207 

mass fuel 121 94 


= 99 


\hm air 

Ibw fuel as fired 


Ans 


Example 4: (a) Compute the mass of dry flue gas per pound of coal for the 
data of Examples 2 and 3 (6) If the flue gases leave at 640 P and the atmospheric 

temperature is 77 F, determme the energy carried away m the hot gases per 
pound of coal 
Solution : 

a The wafer vapor formed in the combustion of the hydrogen is assumed to 
be condensed The gases remaining are 

MassofCOj 7 333(44) = 322 3 lb« 

Mass of SO2 0 0312(64) = 2 0 lb„. 

Mass of N2 32 88(28 16) - 926 0 lb™ 

1,250 3 lb™/mole of coal 

As before, these products can be divided by the mass of fuel, 100 lb™ 

lb™ dry flue gas 


Ibm fuel (ash and moisture free) 

Or on the basis of coal as fired 

1,250 3 _ 1 04 Ibm dry flue gas 
121 94 Ibm fuel as fired 


Ans 


b The flue gases are 

7 333002 + 3H^O + 0 031280^ 


32 88N2 


These gases leave the furnace at 640 F But the gases should have been cooled 
to the atmospheric temperature of 77 F, and then i>cn^ihle heat could have been 
transferred to a thermodynamic cycle {Sensible heat is the name assigned to heat 
obtained through change in temperature but without change m phase or com- 
position of the mass ) Thus, the hot gases, by virtue of their high tempeiature, 
represent a loss of sensible heat Since the pressure is constant, the sensible-heat 
loss IS evaluated by the enthalpy difference of the gases between 640 and 77 F 
[Eq (4*4)] Table XI (Appendix) is one means for evaluatmg the enthalpy 
difference For CO2, 

1100 R ^ = 8 9138 Btu/mole R and /iiioo r 

537 R ^ = 7 5064 and Auj b = 

Therefore, 

lllOOR 

Ah I = 5776 6 Btu/mole 

J537 R 

Let the moles of SO2 and CO2 be combmed because of the small quantity of SO2 
present The sensible-heat loss equals 

„niiooR 

AH - (moles CO2 + S02)(Ah) - 7 364(5776 6) = 42,538 9 Btu 

J637 R ' 


= 9805 2 Btu/mole 
= 4028 6 Btu /mole 
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In similar fashion, the heat losses are found for the HaO and N 2 


3 moles H2O 
32.S8 moles N2 


MI 

AH 


llOOR 

637 R 
1100 R 

537 R 


14,064 3 Btu 
130,565 5 Btu 


The total heat loss is the sum of the enthalpy differences 
)R 


XAH 


lllOOR 
J637 R 


187,168 7 Btu/mole coal as fired 


Since there are 121 94 lb„» coal as fired per mole, 

^^21 94^ ^ Btu/lbw coal as fired Ans 


Solutions can also be found by the data m Table X (Appendix) (or Table IIC) 
For CO2, 

1100 R M -t- ^ = 4778 + 2185 = 6963 Btu/mole 


537 R " + y = 118 + 1068 = 1186 Btu/mole 

“lllOOR 

Ah = 5777 Btu/mole 

J537 R 
lllOOR 

7 364 moles (COg + SO2) aH = 42,536 Btu 

J 537 R 

In jsimilar fashion for the HgO and Ng 


3 moles HgO 
32 88 moles Ng 


AH 

aH 

^AII 


lllOOR 

I 537 R 
1100 R 

iW R 
11100 R 

I 537 R 


14,037 Btu 
130,501 Btu 

187,074 Btu/mole of coal as fired 


Comparison shows that the two answers, one from the data of Table XI (Appendix), 
and the other from the data of Table X (Appendix), check quite closely 

A more exact solution can be made by including the humidity of the air (used 
for combustion of the coal) m the calculations 


11-3. Analysis of the Products of Combustion. The usual labora- 
tory equipment for analyzing gas mixtures is the Orsat apparatus, a 
portable model is illustrated in Fig 11-1. The Orsat consists of a 
measuring burette a (which contains 100 units of volume between the 
zero mark on the scale and the upper hairline at h) and a series of 
absorption pipettes such as c, d, and e. This particular model is for 
mixtures containing carbon dioxide; oxygen, or carbon monoxide, 
although additional pipettes for other gases can also be added The 
method of making a test can be summarized as follows A sample of 
gas IS drawn through valve / into burette a by lowering the leveling 
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bottle g, which contains a liquid, usually water. Valve / is then 
closed, and valve h is opened to the atmosphere. Surplus gas is 
expelled by raising the leveling bottle until the level m g coincides with 
the zero mark. This procedure ensures that the sample of 100 units 
of volume is at atmospheric pressure, while the thermal capacity of 
the apparatus ensures that the temperature of the sample is also 

atmospheric Now by opening valve i 
and raising the leveling bottle, the gas 
in the measuring burette is forced into 
pipette c Pipette c contains a solution 
of potassium hydroxide that will ab- 
sorb carbon dioxide Next, the level- 
ing bottle is lowered and the sample is 
returned to the measuring burette, 
while the level of the solution in the 
pipette returns to the index point J 
When the leveling bottle is held with 
the water levels m g and a equal, the 
pressure of the sample is restored to the 
initial pressure (atmospheric) (while the 
temperature remains constant at the 
initial value) . Thus, the reading made 
at this point represents the volume of 
carbon dioxide, measured at atmos- 
pheric temperature and pressure, that 
was absorbed m the first pipette This 
volume 18 the partial volume of the 
carbon dioxide in the original dry mix- 
ture The procedure is repeated by 
passing the gas into the second pipette, 
which contains a solution of pyrogalUc 
acid. Here the oxygen is absorbed, and 
the remainder of the gas is returned 
to the measuring burette. The volume that is now measured is less 
than the original 100 units by an amount equal to the partial volumes 
of the COi and the 0% in the original dry mixture. The partial volume 
of the oxygen is readily calculated since the partial volume of the COj 
13 known. (In similar manner the third pipette containing cuprous 
chloride absorbs carbon monoxide that may be present ) 

In aJJ Orsat instruments, the analysis is determined voluraetrically 
and appears on a dry basis, although the original sample was saturated 



Fig 11-1 Ellison Great for deter- 
mining COa, Oj, and CO 
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with water vapor This is because the absorption processes occur at 
constant temperature and therefore the partial pressure of the water 
vapor remains constant By Eq (10-7) 


P. = 


mixture 


X 


14 7 psia 


Since nmixture is progressively decreasing as each component is removed 
from the mixture, n, must also progressively decrease if the partial 
pressure is to remain constant Thus, whenever a gas is absorbed in 
one of the pipettes, a proportional amount of water vapor is also con- 
densed, and therefore the Orsat analysis is not the true analysis of the 
mixture As shown in Example 5, the Orsat merely ignores the water 
vapor and reports the exact analysis for a hypothetical dry mixture 


Example 6: Show that an Orsat measures the dry percentages of the mixtuie 
Solution ' Assume that the initial saturated mixture contains 10 per cent CO;, 
2 per cent HjO (saturated vapor), and 88 per cent N 2 Smce the temperature 
remains constant, 

p. — X 14 7 = constant (10*7) 

n 

Therefore, 


j:, = — =* constant 
n 


The mole fraction of water vapor in the origmal mixture is 




n 


2 

100 


-0 02 


After the CO 2 has been absorbed, the mole fraction of water vapor must still 
equal 0 02 

_ ^ 2 — condensed H 2 O 

90 — condensed H 2 O 
Condensed H 2 O — 0 204 per cent 


This calculation shows that the contraction of the mixture when the CO 2 is removed 
is not 10 units but 10 204 units But 10 204 is the dry percentage of CO 2 in the 
original mixture 


CO2 


WCO2 + Wnj 


X 100 


gxlOO 


10 204 per cent 


Thus, the Orsat measures the exact percentage of carbon dioxide in the dry mixture 
and not the actual percentage m the real mixture 

Example 0 : Determme the dew pomt for the products of combustion of methane 
and air at atmospheric pressure 

Solution : 


CH4 -{- 2O2 “h 7 52N2 — > CO2 H” 2H2O -j- 7 52Ns 

2 moles H 2 O 1 ^ « 

10 62 moles product *" 


Partial pressure of H 2 O 
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The Steam Tables show that this pressure corresponds to a saturation temperature 
of 139 F, which is the dew point Ans 

Example 7 ; What will be the components of the mixture of Example 6 in an 
Great at 70 F? 

Solution : When the mixture is cooled to 70 F, a part of the water vapor will 
condense The partial pressure of the water vapor at 70 F can be found from 
the Steam Tables p^, = 0 363 psia and 


P. 


moles H 2 O 
moles products 


X 14 7 


14 7 = 0363 p.ia 


Solving this gives 

The products 111 the Great are 


X = 026 mole 


CO 2 4- 0 26n^G + 7 52 N 2 


Example 8, For the data of Example 7 what will be the percentage of CO^ in 
the wet and the dry products? 

Solution* The percentage of CO 2 on a wet basis is 


CO2 = 


1 mole CG 2 
8 78 mole products 


X 100 = 114 per cent 


ins 


The percentage of CG 2 on a dry basis is 


CO: 


1 mole C 02 
8 52 mole products 


X 100 = 11 72 per cent 


Ans 


The latter value would be the percentage reported by the Orsat analysis 

11-4. The Reaction Equation and the Orsat Analysis. In industry, 
the engineer is called upon to make heat balances or related calcula- 
tions that depend on the interrelationships between the masses of air 
and fuel. In many instances, measurement of air quantities is a diffi- 
cult task, and indirect methods must be used. The different tech- 
niques that are available for approxmate solutions of the problems 
that may be met are illusti ated in 'the following examples In most, 
if not all, instances the amount of water vapor present in the real 
mixture cannot be directly measured 

The procedures to be followed can be subdivided into the following 
groups : 

o Exact Analysis of the Fuel and Exact Analysis of the Products of 
Combustion Are Knovm This is the preferable case, and either a car- 
bon or an oxygen-hydrogen balance can be used, both methods should 
give the same answer if the analyses are correct However, when the 
fuel is predominantly carbon — coal, for example — the oxygen-hydrogen 
balance is more liable to error because of the small quantities that are 
measured in the analyses Correspondingly, the presence of smoke 
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Signifying incomplete combustion may make the carbon balance 
incorrect 

h Exact Analysis of the Fuel and Incomplete Analysis of the Products 
of Combustion Are Known. In many instances carbon dioxide, oxygen, 
and carbon monoxide are the only products that are measured When 
coal IS the fuel, the balance of the dry products can be assumed to be 
‘‘nitrogen^^ with molecular weight of 28 161 When hydrocarbon fuels 
are used and the mixture does not contain too great an excess of air, 
empirical rules can be used* 

Percentage H 2 = i per cent CO 
Percentage CH 4 = 03 per cent (constant) 

Traces of methane are invariably found in the products of combustion 
of hydrocarbon fuels, and a constant percentage can be assumed to be 
present 

The carbon balance is preferred for cases under this grouping 

c Analysis of the Fuel Is Unknown Here a carbon-hydrogen 
balance must be made unless the composition of the fuel can be approxi- 
mated Most gasolines and fuel oils sold in the Central and Eastern 
states can be closely represented by the molecular formula^ CaHi? 
With this approximation, eithei the carbon or oxygen-hydrogen bal- 
ance can be used depending on the presence of 1 actors noted under 
headings (a) and (fc) above 

Example 9 . {Carbon balance method when ultimate analysis of the fuel is known ) 
An anthracite coal has the followinR ultimate analv&is 


C 1 

H 1 

0 I 

N 1 

H 2 O 

Ash 

Total 

70% 

3 % 

3% 

1% 

11 % 

12% 

100% (gravimetric) 


The Orsat analysis of the flue gas is 


CO 2 

CO 

O 2 

Ks 

Total 

14 6% 

0 2% 

5 5% 

79 7% 

100% (volumetric) 


Determine the mass of dry air required per pound of fuel if the cindej* m the ashpit 
IS 40 per cent carbon 

^ When the fuel contains a known percentage of aromatics, the formula can 
be adjusted by considermg the aromatics to be 92 per cent C and 8 per cent H 
(by mass) 
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Solution: In the same manner ae in Example 2, the coal can be assigned a 
molecular formula However, for acceptable accuracy, only the carbon need be 
treated 

[Cb 83H0N(H*0)CAsh)] - 100 lb« of coal as fired 

Since 60 per cent of the cinder is ash and 40 per cent is carbon, the mass of cinder 
per 100 Ibm of coal must be 20 Ibm’ 

x(0 60) *= 12 Ibm ash in 100 lb« coal 

X » 20 lb,» cmder/lOO Ibm coal as fired 

and the carbon m cinder equals 

C “ 0 40(20) “ 8 Ibm C/lOO Ibm coal as fired 

With these values the complete reaction equation can be written (although incon- 
sistent units are shown) 


a(CB 83 ) + 21 2O2 + 7^) 7N2 14 6CO2 + 0 2CO + 5 5O2 

+ 79 7N2 -f* tt(- 3 ^)C (in cmder) + a (12 Ibm) asli + water vapor 


Here a nitrogen balance has been made, assuming that the nitrogen in the coal 
was of negligible amount, and, 


^ N2 79 7 
" 3 76 “ 3 76 


21 2 


A carbon balance for a 


and the air-fuel ratio is 


6 83a « 14 6 + 0 2 -h 0 75a 
a « 2 92 


AF 


mass air 
mass fuel 


(21 2 + 79 7)29 ^ Ibm air 

2 92 X 100 Ibm fuel as hred 


Ans 


Example 10: {Hydrogen^halance method when ultimate analysis of the fuel is 
known ) A hydrocarbon with formula CgHi? is burned with dry air, and the 
products of combustion are as follows* 


C02 

CO 

CHi 

Oi 

H2 

N2 

r 

8 7% 

' 8 9% 

0 3% 

0 3% 

3 7% 

78 1% j 

free carbon (smoke) 


Determine the air-fuel ratio 

Solution : Since free carbon is present m the products of combustion, a hydrogen 
balance should give the best results 

CaHft 4* O2 + Ns 8 7COa + 8 9CO -h 0 SCH^ + 0 3O2 + 3 7H2 

-f- 78 IN2 -he (condensed H2O) + (free) C 

The nitrogen m the mixture equals that m the products, while the oxygen is 
equal to 
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An oxygen balance is made to find the amount of water vapor: 

20 80, - 87 + ^4-03 + 1 
c = 14 7 

A hydrogen balance la then made* 

6 - 0 3(4) + 3 7(2) + 14 7(2) - 38 
The ratio of 6 to a for the fuel CgHn is 2 12, hence, 

-=2 12 o=~=17 9 

a 2 12 

Therefore, the mixture is 

Ci7 gHas + 20 SO 2 + 78 INg 

and the air-fuel ratio is 

. „ mass of air (98 9) (29) — n a 

^ mass of fuel “ (17 9)12 -f 38(1) “ lb,„ fuel 

Example 11 : {Carhanrhydrogen balance when composition of fuel is unknown and 
cannot be approximated ) Assume that the fuel in Example 10 is of unknown 
composition and that the products of combustion do not contain free carbon 
Solution ; The reaction is set up as before 

CaBb + 20 8O2 + 78 IN2 8 7r02 -h 8 900 -f- 0 3CH4 + 0 30* 

+ 3 7H2 + 14 7H2O (condensed) + 78 IN* 

A carbon balance for a 

a = 874-894-03 
- 17 9 

An oxygen -hydro gen balance for ft* 

6 =« 38 

Accordmgly, the mixture is 

O17 gHas -|~ 20 8O2 “b 78 INa 

Smce this is the same answer as in Example 10, it is evident that only a negligible 
amount of smoke must have been present 

Example 12: (Volumetric analysis of fuel is known) A natural gas analyzes 
96 per cent CH4, 3 per cent Hg, and 1 per cent CO The products of combustion 
by an Orsat analysis are 10 8 per cent CO2, 1 2 per cent CO, and 88 0 per cent Ng 
(remainder) Set up the reaction equation 

Solution: The partial volumes of the volumetric analyses can be considered 
to be moles (Arts 11-1 and 10-3) 

a(96CH4 + 3H, + ICO) + O, + 88 ON, -* 10 8CO, + 1 2CO 
o 7o 

-f 88 ON2 4- (condensed HaO) 

This equation can be solved, as before, by either a carbon or an oxygen-hydrogen 
balance 

It could also be premised that hydrogen and methane were present m the 
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products and that^ empincally, 

H2 = 4C0 =06 per cent 
CH4 =03 per cent 

With these values the apparent nitrogen is decreased to 
N2= 88 0 — 09 = 87 1 per cent 

and the equation is 

07 1 

a( 96 CH 4 + 3H2 -h ICO) + O2 + 87 IN2 10 8CO2 + 1 2CO 

+ O6H2 + O3CH4 + 87IN2 

This latter equation should be more exact than the first solution 

11-6. Heat of Reaction. Whenever a chemical reaction occurs, 
energy can be either liberated or absorbed, and this energy may be 
measured as a transfer of heat For a chemical reaction at constant 
volume, the transfer of heat must be caused by changes m the internal 
energy of mixture and products if work effects are absent The First 
Law energy equation requires that 

Q - TF = AC/ (and W = 0) 

Then for reactions that begin and end at the same temperature, 

Qv T AC/ "" C/produotH C/nuituro (11“1) 

Although initial and final temperatures are equal, the internal energy 
of the mixture does not equal the internal energy of the products 
because chemical internal energy is included in the evaluation 

Similarly, for a chemical reaction at constant pressure, the 
transfer of heat is governed by changes m internal energy and also by 
the work that must be done in expanding or contracting the system 
Here the First Law shows, with end states at a temperature T, 

Q - W = AU 

= AC/ + p(V 2 - Fi)]r.p 

QpT “ AH — -Hproduoca mixture (11“2) 

Equations (11-1) and (11-2) define the heat of reaction: The heat of 
reaction at constant pressure and specified temperature is equal to the 
change in enthalpy of the system; the heat of reaction at constant 
volume and specified temperature is equal to the change in internal 
energy of the system 

It should be carefully noted that the heat of reaction is equal to the 
transfer of heat only for the prescribed conditions of Eqs (11-1) and 
(11-2) In other processes between the same initial and final states, 
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w^ork may be transferred, such as electrical work, and the transfer of 
heat will be correspondingly affected, although the change in AH or 
All will not be affected Thus, a more appropriate name than the 
heat of reaction would be the AH or AU of reaction. Note, too, that 
Eqs (11-1) and (11-2) must be used with great care because the 
internal energy and enthalpy designated by the symbols U and H 
include chemical forms of internal energy. If the internal energy 
values in Table X (Appendix) were to be substituted in Eq. (11-1) for 
a temperature of 520 R, apparently the heat of reaction would be 
zero This is because the values in Table X are not absolute values 
but, rather, are the changes in internal energy with temperature for a 
substance when no chemical or phase change occurs Such changes in 
internal energy are called changes in sensible internal energy. The 
interconnecting link between the relative temperature values in Table 
X and the values that would include chemical internal energy is 
furnished by Eq (11-1) or (11-2) 

The heat of reaction at constant pressure is not necessarily equal 
to the heat of reaction at constant volume The difference in these 
quantities is evident by subtracting Eq (11-1) from Eq (11-2), and, 
for perfect gases, 

Qp - - Au'^^ = = AnRoT (11-3) 

Example 13: The heat of reaction of carbon monoxide at constant pressure 
and a temperature of 77 F is —121,664 Btu mole"^ Determine the heat of reac- 
tion at constant volume 

Solution : 

CO -h iOa CO 2 
mole mixture — + 1 mole products 
An = — i 

From Eq (11-3), 

Qp — Qi]t = AnRoT 
-121,664 - - 1(1 986)(537) 

Q, *= —121,131 Btu/mole (at 77 F) Ans 

11-6. Heat of Combustion. The heat of reaction is called the 
heat of combustion when oxygen is used to burn the fuel completely to 
products The heat of combustion at constant volume can be meas- 
ured by the bomb calorimeter (Fig 11-2) The procedure of test is to 
place a known mass of fuel oil or crushed coal in the fuel pan and in 
close proximity to an ignition wire Then, the bomb is charged with, 
relatively, a great amount of oxygen to a pressure of 20 or 30 atm to 
ensure essentially complete oxidation of the fuel into products The 
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bomb is placed in the water bath while the ignition wire is connected 
to a battery. When the ignition wire is fused by an electric current, 
the fuel will react with the oxygen (bum), and the release of chemical 
energy will cause the temperature of the bomb and the water to 
increase. Heat losses from the jacket to the atmosphere are mini- 



Fig 11-2 Emerson bomb calorimeter 


mized by using an insulated container Actually, with this apparatus 
the process is not isothermal, for this would require zero temperature 
rise of the water, and the amount of heat received by the water jacket 
IS less than the heating value of the fuel by the amount of energy left 
in the gases in the bomb. Since the temperature rise is small, the 
amount of energy not transferred to the coolant is negligibly small, and 
the initial and final temperatures can be considered to be essentially 
equal 

Example 14: One-tenth gram of fuel is placed m a bomb calorimeter. The 
mass of water surroundmg the bomb is 1,900 g, while the mass of the bomb and 
parts of the stirrer, thermometer, etc , that are also heated are equivalent to 
462 g of water If the temperature nse of the process is 0 83 F, what is the heat 
a>f combustion of the fuel? (Initial temperature of the water is 77 F ) 
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(maBs of water^ bomb, etc )(heat capacity) (temp rise) 
mass of fuel 

(2,362_g)(10mu^b„F)(0 83 F) ^ 

Since this transfer of heat is from the system of fuel and oxygen, then, 

Qr] 77 F “ = “19,650 Btu/lb„ fuel Ans 

The flow system illustrated In Fig 11-3 is generally used to find the 
heat of combustion at constant pressure of gaseous fuels Here gas and 
air at room temperature enter the calorimeter, the volume of gas to be 
burned being measured by a gas meter The products of combustion 
are cooled to the initial temperature by the water jacket a The 
amount of cooling water passing through the calorimeter in a known 
period of time is weighed, and the temperature rise of the water is 
given by the tempeiature difference indicated by the inlet and outlet 
thermometers h and c Water formed by combustion is collected at 
d Thus, the change in enthalpy between mixtuic and pioducts is 
measured by the quantity of heat transferred to the coolant 

11-7. The Reaction Equation and the Standard State. The com- 
bustion of carbon monoxide at constant pressure is shown by the 
equation 

+ i02(^) — C02(^) Ai^TYF = —121,664 Btu 

This equation implies the complete conversion of 1 mole of CO and ^ 
mole of O 2 to form 1 mole of CO 2 at a temperature of 77 F and at a 
constant pressure of 1 atm The change in enthalpy for the process 
IS —121,661 Btu for each mole of CO 2 that is formed, and this energy 
may be evolved as heat if no work is transferred The phase of each 
substance is shown by the letter g i\hich indicates the gaseous phase 
[and (Z) and (s) are used to show the liquid and solid phases] In the 
absence of information as to the state of the substances shown in the 
equation, it is presupposed that each substance is in its standard state. 
The standard slate is usually the stable form of the substance at the indi- 
cated temperature and at a pressure of 1 atmosphere The number of 
standard states is arbitrarily curtailed by selecting 25 C (77 F) as the 
standard temperature (although 18 C has also been used). Although 
the standard state implies unit pressure, this requirement is not essen- 
tial when the gases can be considered to be ideal, for internal energy 
and enthalpy of the perfect gas are properties that depend only upon 
temperature (and the internal energy and enthalpy of real solids and 
real liquids are little affected by pressure) 


Solution : 


rtDMnured “ ' 
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The properties of enthalpy and internal energy are fixed by the state 
of the system, and therefore the change in these properties in passing 
from leactants to products is entirely independent of the intermediate 
products that may be formed or the transfers of heat and work that 
may accompany the change When the heat of combustion of solid 
carbon at constant pressure is found by experiment to be 

C(s) “h 02(^) — ^ C02(^) AHtjf = — 169,182 Btu {a) 

and also for carbon monoxide, 

^ C02(^) AH^^v = — 121,664 Btu {b) 

Then, Eq (6) can be subtracted from Eq (a) to yield 

C(s) + ^02{g) “> CO{g) A^77 f = -47,518 Btu (c) 

This procedure was possible because the CO2, for example, was in the 
same state in either equation, and therefore its enthalpy in each equa- 
tion had the same value In this manner the heat of reaction can be 
predicted for reactions that do not yield completely oxidized products 
if sufficient experimental data are available for related compounds 
11-8, Heat of Formation. To facilitate the calculations of heats 
of reaction, a table of lelative enthalpies can be constructed The 
enthalpy of each element in the standard state is arbitrarily set equal 
to zeio Then, when a compound is formed fiom the elements, the 
enthalpy of the compound is equal to the AH foi the reaction Thus, 

"h ^^{g) — A// 77F — — 169,182 Btu 

and, arbitrarily, at a datum of i = 77 F, p = 1 atm, 

Ac(®) = 0 
ho-{o) ” b 

hcoi{g) = — 169,182 Btu /mole 

The enthalpy of a compound relative to its elements is called its heat 
of formation The standard or reference state must always be specified. 

The heat of reaction can be calculated when the heat of formation is 
known for each compound taking part in the reaction. Consider that 

CO(^) + H20(0 C02(^) + H2(^) 

and for this reaction 

AH = hcOi + hfLi hco ~ hjiiOiD 

Since a table of heats of formation is merely a table of relative enthal- 
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pies, values can be substituted in the above equation from Table XIII 
(Appendix). When this is done, 

Affrip = “169,182 + 0 + 47,518 + 122,893 
likHnY “ 1,229 Btu 

Again it is emphasized that this heat of reaction is for the standard 
state of Table XIII 

The heat of formation of a compound can be calculated by combin- 
ing the reaction equations Thus, the relative enthalpy of methane 
to its elements, carbon and hydrogen, can be found from the combus- 
tion equations (Table XII, Appendix) 

CH4 + 2O2 -> CO2 + 2H20(0 A^77 p = -382,786 Btu (a) 

C+ 02-^C02 = -169,182 Btu (b) 

2H2 +02^ 2H20(Z) AHtjy = -245,781 Btu (c) 

Upon subtracting Eq (a) from Eqs (5) and (c) it will be found that 

C(s) + 2H2->CH4 

and 

Aif77F = “245,781 - 169,182 + 382,786 
A/f 77 F “ — 32,177 Btu 

And therefore, by convention 

^C(«) “ 0 

hniia) — 0 

hcKiio) — —32,177 Btu/mole 

which 18 the heat of formation of methane 

11-9. Higher and Lower Heating Values. Whenever a fuel con- 
tains hydrogen, one of the products of combustion will be water, which 
will exist either as a liquid, gas, or a two-phase mixture. If the water 
formed by combustion of the hydrogen in the fuel can be condensed, a 
greater amount of heat can be obtained from the calorimeter test than 
if the water existed in the vapor state. Because of this fact, two 
heating values can be recognized: the higher heating value {gross) is 
obtained when water formed by combustion is entirely condensed in 
the calorimeter test; the lower heating value (net) of the fuel is obtained 
when water formed by combustion exists entirely in the vapor state 
The difference between these two heating values is equal to the latent 
energy of vaporization of the water at the test temperature. 

In the constant-volume calorimeter, a few drops of water can be 
placed in the bomb to saturate the oxygen atmosphere before the test 
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IS begun In this manner, a higher heating value of the fuel is obtained 
because (practically) all the water formed by combustion must con- 
dense and the latent internal energy of vaporization of the water is 
transferred to the coolant 


Example 15 : Calculate the lower heatmg value for the fuel oil m Example 14 
if the formula for the fuel is C12H26 Assume that the atmosphere of the bomb 
was initially saturated with water and therefore the answer m Example 14 was a 
higher heating value that can be considered to be for standard states of the mixture 
and products 
Solution : 

Ci 2H*6(Z) + ISiOj I2CO2 + I3H2O® 

and 

= 1 375 Ibm water formed per Ibm fuel burned 


In contracted form, 

1 lb„ C12H26 1 375 lb« HaOU) -f- AC/77 f =» -1^1, 650 Btu/lb„ fuel (a) 


From the Steam Tables, at 77 F 


= 1050 4 Btu/lbm 

. .lOROH 0 4593(144) (694 9) 

u/ff — hfii pvfa — 1050 4 ’ 778"2 ' 

= 991 4 Btu/Ib„» water 


and for 1 375 lb« HjO 

1 375 Ib„ HzOCO 1 375 lb„ lUO(g) AC/77 f = -f-1362 Btu/lb„ (b) 

Equations (b) and (a) could be added together if each component were in the 
same state This requirement is not fulfilled because the data of Eq (6) are 
for a pressure of 0 4593 psia, and m the test represented by Eq (a) it is quite 
probable that the partial pressure of the water vapor was not 0 4593 psia This 
discrepancy (and the failure of the test and the calculated value to be for the 
standard state) is not serious because the internal energy is mfluenced more by 
temperature than by pressure Hence, Eqs (a) and (b) are added, and, within 
the allowable error of the experiment, 

1 lb„ CizHse ^ 1 375 lb;„ H^Oig) etc AC/77 P » -18,659 Btu/lb„ Ans. 
(for liquid fuel and vaporized water products) 

In the constant-pressure calorimeter, no water vapor can condense 
if the gases leaving the calorimeter are at a sufficiently high tempera- 
ture The constant-pressure calorimeter will give directly the lower 
heatmg value if the exit temperature is above the condensation (dew 
point) temperature of the combustion products and the incoming air 
and fuel are warmed to that temperature However, most calorim- 
eters are operated to give the higher heatmg value by cooling the 
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products down to the initial conditions. Correcting for any addi- 
tional (or less) moisture remaining m the products over that supplied 
in the fuel and air, by adding (or subtracting) the latent heat of 
vaporization not delivered to the calorimeter from these sources, gives 
the higher heating value at the given test temperature 

Example 16 : The heat of combustion of C(jHi8(ff) at constant pressure is 
— 2,199,548 Btu mole~^ at 77 F This value is for gaseous products the lower 
heating value Determine the higher heatmg value for gaseous and for liquid 
fuels 

Solution : 

CiHibCp) d- 12^02 — >8C02 -|- 9H20(^) = —2,199,548 Btu/mole (c) 

From the Steam Tables, h/o at 77 F is 

H20(/) AHjjy +1050 Btu/lb„, 

= +18,900 Btu/mole 

When this equation is multiplied by 9 and subtracted from Eq (c), 

+ 12i02 -~+8C02 + 9HzO(/) 

AH-jty = —2,369,648 Btu/mole (d) Ans 

This IS the higher heating value at constant pressure for gaseous fuel 
To convert this equation to liquid fuel, 7'able XII (Appendix) shows 

C\HiH(j7) — ► CgHiBl/) A//77 1 = — 17,784 Btu/mole 

Subtracting this equation from Eq (d) 

+ I2IO2 8002 + 9H20(0 AH^ f - -2,351,864 Btu/mole Ans 

This, too, is a higher heating value but for liquid fuel 

(The comments m Example 15 as to the approximations made in combining 
the equations apply as well to this example ) 

The heat of combustion of a fuel at constant pressure is, in many 
instances, a measure of the heat that is transferred to a thermodynamic 
cycle For this reason the calculated thermal efficiency of the cycle 
will depend on the value that is assigned to the heat of combustion 
The higher heating value represents the true amount of heat that 
can be transferred from the reaction, and therefore it is the value that 
should be used in calculating efficiencies However, the heat that 
theoretically can be attained by condensing the water formed by 
combustion is, practically, not attainable For this reason thermal- 
efficiency calculations are sometimes based upon the lower heatmg 
value of the fuel. In comparing the thermal efficiencies of different 
cycles it is well to ensure that the same basis of comparison has been 
made, for, otherwise, misleading conclusions may be drawn 
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11-10. Heat of Reaction and Temperature. After the heat of 
reaction has been determined at one temperature, it can be readily 
calculated for any other temperature Consider Eq (11-1). 


^vT\ (yU -prod urti L^mixture) T*, 


The same form of equation can be written for the heat of reaction at 


QvT^ (^P 


- u. 


mixture J Tj 


and when one equation is subti acted from the other, 


] Tz "ITj 

rp ^ ^ ^mixture J ^ 


Equation (11-2) can be treated in the same manner 


~\Ti 

QpT^ QpTi products J ^ n 




(ll^a) 


(11-45) 


Example 17 : The heat of combustion of octane at constant volume is —2,203,279 
Btu mole“^ at 537 R for gaseous fuel and gaseous products What will be the 
heat of reaction at 1000 R? (Assume that all gases behave as perfect gases ) 
Solution : The combining equation is 

CsHis + 12 i 02 + 47N2 8CO2 + 9H2O + 47N2 

Since nitrogen appears in both reactants and products, it need not be considered 
Equation (ll-4a) can be evaluated from the heat-capacitv relationships of 
Table HR since the terms on the right-hand side of the equation do not involve 
chemical changes 

r 1000 r 1000 

A(7produQt® = 8 moles CO 2 / Cv dT -j- 9 moles H 2 O / ^ CvdT 

JoZl ^537 

C 1000 /• 1000 

Al/mixtuTB = 1 mole CgHis 1 Cv dT + 12i moles O 2 L CvdT 

J5Z7 J537 


Upon integrating these relationships and substituting in Eq (ll-4a), the heat of 
reaction at 1000 R can be determined 

An alternate and easier method is to use the mternal energy tables, Appendix 
Table X (which were constructed from the heat^capacity relationships in 
Table HR) 

M ^products = 8(Ui000 "* 5 ^ 537)002 4" 9(5^1000 ” U 657)h.O 

== 8(3852 - 118) -f 9(3009 - 104) =. 56,017 Btu 

AU mixture = l(Ui0OO “ U537)CsHiii + 12^(17 1000 “ ^ 637)02 

= (24,773 - 640) 12i(2539 - 85) = 54,808Btu 

Substituting these values m Eq (ll-4a), 

1 1000 liooo 

537 AUproduet# 

Onooo “ -2,203,279 -f 56,017 - 64,808 

Ctiooo “ —2,202,070 Btu /mole (for gaseous fuel and products) Ana 
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11-11. Theoretical Flame Temperatures. In computing theo- 
retical flame temperatures, general relationships can be derived from 
the prmciple of conservation of energy, the First Law. Consider a 
constant volume and adiabatic combustion of a fuel-air mixture. 

Q = AU 

Then, 

Q = 0 W = 0 AU = 0 

and therefore 

product* Tj ^ ^mixturo T\ 

(a) 

The heat of reaction is defined 


QvTi ~ b^produota Ti L^mlxtUPO Tl 

(11-1) 

and substituting Eq (a) in Eq (11-1); 


Qpri ^ t/produota^ y 

(ll-5a) 

while, at constant pressure, 


QpTi ^^fproduota Jy, 

(11-56) 


In words, Eq (11-5) implies that the combustion process can be 
assumed equivalent to burning the mixture completely into products at 
the initial temperature Ti, and, with the heat of reaction so obtained, 
the products can be raised to the final temperature T 2 This pro- 
cedure 18 possible because, it should be recalled, internal energy (or 
enthalpy) is a property that is determined by the state Thus, 
irrespective of the actual series of states in the real combustion process, 
a hypothetical series of states can be assumed between the two end 
states 

Equation (11-5) can be converted into a different form by substi- 
tuting Eq (11^) into Eq (11-5) 

IT’s 

QtiTj — AC/'mixtur® ^ (11— 6u) 

QpT, = — AH mixture ^ (11-65) 

Equation (11-6) implies that the mixture is raised in temperature from 
Ti to T 2 and then completely converted into products. The heat of 
reaction available to perform this task is that evaluated at the tem- 
perature level Ta. Since this value cannot be computed until the 
unknown temperature Ta has been found, Eq. (11-6) is not as readily 
used as Eq (11-5) 
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Ezampld 18: Compute the combustion temperature for complete combustion 
of vaporized octane with the theoretical amount of air at constant volume from 
an mitial temperature of 537 R 

Solution : The combining equation is 

CgHiaC^) + 12^0^ + 47 N 2 -> SCO* -f 9H*0 (i 7) + 47Na 
AU 77 Y “ -2,203,279 Btu/mole 

The lower heatmg value is selected because then the products are all gases and 
from Table X (Appendix) 

7lproduot« = SCO* + 9HxO(ff) + 47 N 2 
U products > Ty » 8(118) + 9(104) + 47(82 5) = 5,757 Btu 

and by Eq (ll-5a) 

U^rodnotSfTt ** ^products Ty QvTy 

« 5757 + 2,203,279 = 2,209,036 Btu 

Assume T* = 5300 R 

t/produou T. = 8(55,265) + 9(43,187) + 47(29,648) 

= 2,224,259 Btu 

Assume T 2 «= 5200 R 

C/products r, - 2,171,627 Btu 

Upon mterpolating, 

Ti = 5271 R Atos. 

11-12. Chemical Equihbrium. The theoretical temperature of 
complete combustion, which was computed in Art 11-11, cannot be 
attained because reaction is never complete For example, the reac- 
tion of carbon monoxide and oxygen yields carbon dioxide with 
liberation of energy that raises the temperature 

CO + i02 CO2 + release of latent chemical energy 

But CO 2 will dissociate j especially at high temperatures, with absorp- 
tion of energy: 

CO2 + i02 + energy absorbed 

Thus, in the reaction of carbon monoxide and oxygen, CO2 is formed 
and the temperature is increased. But, since CO 2 dissociates into CO 
and O2, a limiting temperature is attained when the reaction has 
the same rate for either direction; the reaction is then in chemical 
equilibrium: 

CO + ^-02 ^ CO2 

That is, definite proportions of CO, O2, and CO2 are present in the 
equilibrium mixture at each temperature; at low temperatures the 
proportion of CO2 is high, while at high temperatures the proportion 
of CO2 is low For this reason, the theoretical temperature calculated 
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upon the assumption that the mixture is completely converted into 
products cannot be attained because the temperature rise of combus- 
tion limits the degree of completion of the reaction and therefore 
limits the release of chemical energy 

In the calorimeters described previously^ chemical equilibrium may 
have prevented the containers from reaching maximum temperatures, 
but this was immaterial because the important factor was to ensure 
that the primary reaction went essentially to completion. This 
degree of completion was secured by operating the calorimeters at 
room temperature where dissociation of combustion products is 
negligible (and by supplying an overabundance of oxygen) 

The products of combustion that may dissociate are usually CO 2 
and H 2 O (although at very high temperatures molecular dissociation 
to the atoms will also be present) 

CO i02 CO 2 

H, + i02 ^ H 2 O 

Let X and y be the amount of dissociation of 1 mole of CO 2 and 1 mole 
of H 2 O, the reaction from mixture to equilibrium products will be 

CO + i Oa -> (1 - x)C02 + xCO + I O 2 (11-7) 

Ha 4- i Oa ^ (1 - 2/)HaO -1- 2/H + I O 2 (11-8) 



Fig 11-4. A van’t Hoff ©quiUbnum box 


11-13. The Equilibrium Constant. The reaction at chemical equi- 
librium is characterized by the presence of both mixture and products, 
and here the problem is to find an equilibrium constant that will define 
the degree of completion of the reaction The form of this constant 
can be determined by studying a reversible and isothermal reaction 



THERMOCHEMICAL CALCULATIONS 


383 


In Fig 11-4 IS illustrated a van’t Hoff reaction box that contains ideal 
gases il, By C, and D in chemical equilibrium. The equilibrium box 
has four semipermeable membranes that possess the unique property 
of being piermeable only to one substance. Now, as reactants A and 
B flow into the system, they are isothermally expanded or compressed 
to the partial pressures of A and B in the equilibrium mixture 
The addition of these reactants will cause products C and D to be 
formed (a catalyst can be premised to be present to speed the reaction), 
and these products are removed through their respective semipermea- 
ble membranes The products are then isothermally compressed or 
expanded to the final pressuie (Although, upon removal, the pure 
products will have a tendency to dissociate into the original mixture, 
it will be assumed that this reaction is very slow if only because of the 
absence of a catalyst ) 

The reaction equation for a moles of A, b moles of B to form c moles 
of C and d moles of D is 

aA +bB-^cC + dD 

The isothermal work of each turbine in Fig 11-4 can be evaluated 


W = nRoT In ^ 
V2 


(8-76) 


and therefore the work foi the system containing four turbines is 


y w] = i?oT (a In + 6 In ^ 4- c In ^ -f d In 

Jr, flow \ Va Pa V^/ 

This equation reduces to 


Equation (ll-9a) can be further simplified by noting that p^, p^, pc, 
and Pd can be arbitrarily selected without affecting the chemical 
equilibrium Selecting, then, the standard-state value of 1 atm allows 
the second term to disappear (since In 1 =0). Thus, the reversible 
isothermal work for the reaction, with all reactants initially at a 
standard state of 1 atm and all products finally at a standard state of 
1 atm, is 



p'*,flow 


K, 


= RoT In 
p'lp'i 


p'ip'^ 


RoT In Kp 


(11-96) 

(ll-lOa) 
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Equation (ll-lOo) defines the equilibrium constant Kp, which shows 
the mterrelationships between the perfect-gas components of the 
equilibrium mixture It can be determined by measurmg the partial 
pressures of the components of the equilibrium mixture. The equi- 
librium constant is a function of the temperature; values for certain 
reactions can be found m Fig VI (Appendix) 

Example 19 • Expenmental measurements show that 1 mole of H 2 O is 6 per cent 
dissociated into hydrogen and oxygen at a pressure of 147 psi Calculate the 
equilibrium constant and determine the temperature 
Solution The complete reaction equation is 

Hz -f iO* H2O (a) 

Since the HjO is one-twentieth dissociated, the mixture at equilibrium is 
0 95 H 2 O + 0 O 5 H 2 + 0 O 25 O 2 « 1 025 moles 
The partial pressure of the constituents, in atmospheres, is 


H 20 

/ moles of HaOX /total pressure in psi'' 

Vmoles mixture/ ^ \ 14 7 psi/atm > 

V 0 95 .JQV 
1 1 025 ^ ^ 


°025 = 0 488 atm 

n ^ 925 /-I 

1 025 

= 9 268 atm 

Hz 

= 0 244 atm 


Based upon Eq (a), the equilibrium constant would be 

PhjO 9 268 ^ ^ ^ 

” “ (pk.)(p'o.)i “ 0 488(0 244)i “ ^ 

Figure VI (Appendix) shows that this value corresponds to a temperature of 
5140 R Ans 

If Eq (a) had been written m the form 


HjO -> Hj + 40a 


the equihbrium constant would then be the reciprocal of 38 4 or 0 026 If Eq (a) 
had been expressed as 

2Ha + Oa 2 H 2 O (5) 


the equilibrium constant for Eq (6) would then be 

K - (9 268)» 

” “ (pk.)HPo.) “ (0 488)H0 244) 


1,480 


These examples emphasize that the equihbrium constants are evaluated for a 
deSnite form of the reaction equation, and this form must be known before the 
constant can be used m computations Also, the units for the partial pressures 
must be known Figure VI (Appendix) shows not only the equihbrium constants 
but also the equations and units upon which the constants are based 

Example 20 : Calculate the degree of dissociation of 1 mole of CO 2 at 5170 R 
for total pressures of 1 and 10 atm 



THERMOCHEMICAL CALCULATIONS 


385 


Solution* Figure VI (Appendix) shows, at 5170 R, 


CO + ^ O 2 fa CO 2 K, 
The equilibrium mixture is [Eq (11-7)] 

(1 - x)CO, -f xCO + I Oa 


(PCQi) 

(PCoKPOf)* 


1+2 i^olea 


n 


The partial pressures of the constituents are 

/ moles COt ^ ^ , 

" moles mixture ^ pressure m atmospheres 



And, for p •» 1 atm, 



After squarmg each side and reducing, 


( 1 ■^x)(2+x)h 


600 


24x* + 3a; « 2 

X « 0 344 or 34 4 per cent dissociation of the CO* Ans 


At a pressure of 10 atm, 


K, 


Upon solution 


(I ■>x)(2 +x)4 
xi(lO)* 


500 


X =! 0 18, or 18 per cent dissociation of the COj An^ 

Note that an increase m pressure tends to shift the equilibrium to a smaller 
volume Since m this reaction the volume of products is less than the volume 
of the mixture, the degree of completion is increased by an increased pressure 
The opposite eififect is encountered if the products have a greater volume than 
the mixture 

Example 21 : If three times the correct amount of oxygen is supplied in burning 
CO, what will be the percentage of dissociation of the CO 2 at 6170 R and a total 
pressure of 1 atm? 

Solution ; The combining equation is 


CO + fOi CO 2 + O 


(c) 


The mixture at equilibrium is 


(1 - i)COj + iCO + |0, +O 2 = 2 moles 
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The partial pressure of the constituents 


Pcoi “ — jj — (p) 
Pco - I (p) 


For Kq (r) 




t a; + 2 


(PCOi)(PO") PcOi 


(p) 


(Pco)(Po.)* Pco(p'oi)‘ 


(1 - x) 


500 


Squaring and simplifying result m 


24x® 4“ 48a;* + 7x " 4 

Solving by trial and error, 


X = 0 22, or 22 per cent dissociation Ans 


Compare with Example 20 The presence of excess oxygen drives the reaction 
farther toward completion Too, the excess oxygen would lower the flame tem^ 
perature and so decrease the tendency toward dissociation 

11-13. The Equilibrium Constant (Contmued). Suppose that the solid or 
bquid phase of one of the reactants is also present m the equilibrium mixture 
In this instance the partial pressure is uniquely determined by the vapor pressure 
which IS mdependent of the amount of material present (Art 10-7) The form 
of the equilibrium constant can be found by the system of Fig 11-4 Consider 
that ideal gases A, Bj C, and D are m equilibrium in the reaction box and a small 
amount of substance A m the liquid (or solid) phase is also present The pressure 
of ideal gas A m the equilibrium mixture is the vapor pressure of the substance 
Let reactant A enter the system m the liquid (or solid) phase and undergo an 
isothermal expansion to its partial pressure in the reaction box The work 
obtained from this process imU be extremely small [of amount, closely — rAp see 
Eq (4-2) or Example 22d] because the specific volume of the liquid (or solid) 
is small and remains essentially constant durmg the process The liquid (or solid) 
can be vaporized (or sublimed) at constant pressure by transfer of heat from the 
surroundings and the vapor (gas) introduced into the equilibrium box through a 
semipermeable membrane The work obtained from this system is [see derivation 
of Eq (ll-9a)] 


J r.flow \ Vb Pb / 


(ll-9c) 


Smce the msignificant amount of work obtamed by expandmg the liquid to its 
vapor pressure can be ignored, the partial pressure of the liquid (or solid) phase (A) 
does not appear in this equation Note, too, that the partial pressure of A in the 
equilibrium mixture is a constant and therefore independent of the total pressure 
in the reaction box Equation (ll-9c) can be simplified by selectmg the standard- 
state pressure of 1 atm for the initial and final states 
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flow 


p'cp'd 

R,T In '-TT' = RoT In Kp 
Pb 


Kp 


p'cp'd 

Pb 


(ll-M) 

(11-lOb) 


EQuation (11-106') defines the equilibrium constant for cases where one (or more) 
of the reactants is in the solid or liquid state at equilibrium, the partial pressure 
of that component does not appear m the equation 

11-13 The Equilibrium Constant (Contmued). The equilibrium-constant 
equations for the combustion of Ha and CO arc 


Vn.iVo,)^ 




pcot 


Pco(pOi)^ 


Each of these equations must be satisfied if the mixture at equilibrium contains 
CO 2 , H 2 O, and their dissociation products Howo\er, H 2 O and CO react to 
form CO 2 and H 2 

CO 2 + H, ->H20 + CO 

This IS sometimes called a water gas reaction, and the ecpiilibriuni constant for this 
reaction must also be satisfied 

f t 7,- 

rr PcOpH-O _ ApHiO 

A.pipj; = / f — 

Vco-Pii2 Apco2 


Note that the total number of moles docs not change during this reaction and 
therefore the reaction is independent of pressure and the partial pressures can be 
replaced by the moles of substances present But the mole ratio of CO to CO 2 
and H 2 O to H 2 m any mixture is by definition [Eqs (11-7) and (11-8)] 

moles CO _ x 
moles CO 2 I — X 

and therefore 


This reaction is frequently of importance m combustion engme work because all 
four substances are products of combustion from the engine The speed of this 
reaction or the reaction rate is Tclatively slow below IbOO Y , for this reason, if the 
equilibrium mixture is quickly cooled, the same ratio of concentrations will be 
mamtamed at the low temperature as existed before at the high temperature 
In other words, the equilibrium may not shift to the conditions requested by the 
low temperature unless there is a measurable rate of reaction Thus, if carbon 
monoxide and oxygen are mixed together at room temperature, an insignificant 
amount of carbon dioxide is formed because the reaction rate is almost zero But 
the tendency toward a change is strong because the equilibrium constant for room 
temperature predicts that a large amount of carbon dioxide is required for the 
equihbnum mixture In this instance a spark or a catalyst can be used to over- 
come the inertness of the system and so approach the equilibrium state 


moles H 2 O 1 “ V 


moles 




a-d - y) 
' y{i - 


( 11 - 11 ) 
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11-14. The Heat Reservoir and the Combustion of Fuel. The 

creation of a heat reservoir for the thermodynamic cycle can be accom- 
plished by burning a fuel, such as coal or fuel oil, with atmospheric air. 
A flow process will be premised because of the large quantities of heat 
that are demanded by commercial systems Thus, m Fig 11-5 air 
and fuel at atmospheric temperature and pressure enter the system 
and an irreversible mixing process occurs The mixture is not in 

chemical equilibrium, but the mert- 
ness of the system prevents reaction 
until a spark or a flame is present 
An irreversible chemical reaction 
then takes place with the attain- 
ment of a high temperature and, 
perhaps finally, a state of chemical 
equilibrium When heat is trans- 
ferred from this finite heat reser- 
voir, the temperature of the gases 
falls, succeeding transfers of heat 
taking place at decreasing temperatures, until the products, in the limit, 
are reduced to the temperature of the surroundings — the earth or its 
atmosphere For this system and irreversible process, the First Law 
equation shows that 

Q = Hz — Hi]tq or — Q = Hi — H2]to 


SURROUA/D/A/GS 



(heat transferred at tkcreasing 
temperatures) 

Fiq 11-6 System of combustion fur- 
nace 


The transfer of heat will be equal to the heat of reaction of the fuel at 
To (the heating value) only if the mixture is completely converted into 
products ‘ That this conversion is theoretically approached is shown 
by the equilibrium constant At 60 F the equilibrium constants for 
H 2 O and CO 2 are (Fig VI, Appendix) 


K 


pH}0 — 


— PHiO 


PHj(Pot)* 


= 10^0 


K 


pCOa 


Pooi 

Poo(Poj)^ 


10 « 


and therefore these reactions should be practically complete if chemical 
equilibrium is maintained throughout the furnace. Of course, this 
latter condition is not fulfilled in the real furnace because of the speed 
of the process, but the values for the equilibrium constants indicate 
that m an ideal furnace the reactions can be considered to be essen- 


^ Since the products leave as a mixture, the partial pressure of each product is 
less than atmospheric, and therefore the products are not m standard states 
However, the change m enthalpy with pressure is insignificant, bemg zero for 
ideal gases 



THERMOCHEMICAL CALCULATIONS 


389 


tially complete when the temperature has been reduced to To Thus, 
the heating value of the fuel measures, quite accurately, the maximum 
transfer of heat that can theoretically be attained by burning fuel with 
at least the theoretical amount of air The usual furnace can supply 
about 85 per cent of this maximum to a thermodynamic cycle, while 
the remainder is to the surroundings; the efficiency of the fur- 

nace, then, IS 85 per cent 

The creation of the heat reservoir is only the first step in the produc- 
tion of power The heat transferred from the heat reservoir to a 
thermodynamic cycle cannot entirely be transformed into work because 
the availability of the heat is not determined by the calorimeter heating 
value, this was shown by the Second Law m Example 5 of Chapter V 
For this reason the maximum work that can be realized from a thermo- 
dynamic cycle that uses, for a heat reservoir, a system that burns 
fuel, must be far less than the heat of reaction of the fuel 

Moreover, the highest possible temperature must be attained in the 
furnace if the availability of the transfeired heat is to be a maximum. 
This ideal temperature is not reached because combustion is incom- 
plete and excess air is present The excess air is a necessary evil 
because the fuel-air mixture is never entirely homogeneous and there- 
fore an excess of air, which is cheap, enables nearly all of the fuel, which 
IS relatively expensive, to be burned Too, the highest feasible com- 
bustion temperature that the walls of the furnace can successfully face 
(but not reach) over long periods of time is approximately 3000 F. 

One other condition prevents the full availability of the heat from 
being realized. It is neither practical nor desirable to cool the gases 
to the surrounding temperature, for this would require an infinitely 
large heat exchanger, and water vapor would condense and so cause 
corrosion This corrosion would be especially serious when sulphur 
dioxide appeared as a product of combustion because sulphur dioxide 
and water react to form sulphurous acid For these reasons the gases 
leave the practical furnace at a temperature of about 300 F (although 
exit temperatures of 400 to 700 F are not uncommon). 

It 18 well to note that the system of furnace, boiler, turbine, con- 
denser, and pump is not a thermodynamic cycle even though the four 
latter components, by themselves, form such a cycle The addition 
of the furnace to the cycle creates a new system, and this system is 
noncyclic because the fuel-air mixture entering the system undergoes a 
chemical change that is never restored 

11-16. The Free Energy. The amount of work that can be 
obtained from a system is restricted, of course, by the process How- 
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ever, for any nonflow process (changes in kinetic or potential energy 
are assumed, for simplicity, to be absent) the First Law equation 
shows that 

Q - TT = AC/ 

— TFrevor = A C7 — Q 


The maximum work is obtained from the system (or the minimum 
work 18 delivered to the system) when the process is reversible, and, 
for this restriction, 

= f TdS 

and therefore 

-TFr.v = AC/- I TdS (a) 

Equation (a) can be transformed into a number of forms that show the 
maximum (or the minimum) work transfers /or special processes For 
example, suppose that the reversible process begins and ends at a 
temperature T and that all heat transfers occur at this temperature, 
here Eq {a) reduces to 

-TFrev 1 =AC/-rA5 (6) 

Doaflow J r 

If it IS specified that the initial and final pressures are equal, then that 
part of the work that is used to expand or contract the system is equal 
to 

p(72 - 70 = p^V, - piFi 

When this amount is subtracted from Eq (6), the net or useful work 
IS obtained (work other than that of expansion or contraction) 

-TFrevnet 1 = A C7 + ApF - TAS = A/C - TAS (c) 

conflow J r j) 

In similar manner, the work of the reversible-flow process can be 
evaluated (Again, for simplicity, kinetic- and potential-energy 
changes will be neglected ) Here the First Law equation is 

= AH 

or ifreV 


and for leversible transfers of heat at a constant boundary tempera- 
ture T 



T 


id) 


^ ah - TAS 
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This IS the work that can be obtained from an isothermal flow process 
wherein changes in kinetic and potential energies are negligible. 

There are two ^^work'' functions that are defined as 


H - TS (ll-12a) 

A = U - TS (ll-13a) 

The function G is called the free energy or the GtbVs free energy; it is 
designated by the symbol G (and also by F and Z). The function A 
is called the maximum work (but not in this chapter) or the Helmholtz 
free energy; it is designated by the symbol A (and sometimes by 
Note that the change m these properties for a system at constant 
initial and final temperature is given by 

A(?]r = AH - TAS (ll-12h) 

AA]t = AU - TAS (11-136) 

Equations (11-126) and (11-136) allow Eqs (6), (c), and (d) to be 
expressed as 


1 = 

-AA 

(11-14) 

ijynf uw J r 



rev net 1 

-AG 

(11-15) 

nOodow J r J) 



TF„v 1 = 

r'ow J T 

-AG 

(11-16) 


The importance of Eqs (11-14), (ll-15)j and (11-16) lies in the fact 
that most engineering processes start and end at essentially the same 
temperature and pressure In Fig 
that can be interpreted to be any 
one of the three main power-pro- 
ducing systems Here air and fuel 
enter the system while work and 
heat are transferred to the sur- 
roundings, the atmosphere The 
products leave at the pressure and 
temperature of the atmosphere If 
these processes were reversibly operated, Eq 
work would be equal to — AG 


11-6 IS illustrated a flow diagram 

S YSTSM 
( Furnttce-boiler- turbine) 

( Gasot/ne or D/ejeteng/ne) 

(Gas turbine) 




Fig 11-6 


SURROUNOtJYGS 

\ { 

Q W 

General heat power system 
(11-16) shows that the 


1 = Gi - = -AH + TLB (11-16) 

flow r 

But Eq (11-16) also indicates that the work obtained from the 
process is greater or less than the negative of the heat of reaction 
{ — AH) according as the sign of AS is positive or negative For the 
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reversible process, an increase in entropy shows that heat has been 
transferred to the system from the surroundings (the atmosphere), and 
by this aid the work output has been mcreased to a value greater than 
the negative of the heat of reaction. It should be remembered that 
the discussion in Art 11-14 showed that the work, obtained by burning 
fuel in a furnace (an irreversible process) and then transferring heat to 
a cycle, will be much less than the heat of reaction. But in this 
article a reversible process (but not a cycle) has been defined that will 
produce far more work than that obtained indirectly from the irreversi- 
ble combustion process However, a practical means of obtaining 
this ideal work is not so easily found For example, the isothermal 
and reversible process of Fig 11-4 would also yield work of amount 
— AG But the process must be run at an infinitely slow speed if the 
isothermal transfer of heat between system and atmosphere is to be 
reversible (and semipermeable membranes must also be discovered) 
Although Eqs (11-14), (11-15), and (11-16) predict a far greater work 
output than it is possible to obtam from industrial processes, still, the 
development of a process that can approach reversible operation is not 
easily accomplished 

The change in free energy with a change in pressure is readily 
computed Since G is a property, then for unit mass (g) of any one 
substance (and the symbol g also denies a chemical change) 


G h — Ts 
dG = dh — Tds — sdT 


Substituting 


dh == Tds + vdp 
yields, for constant temperature, 

dG]r = vdp 

For perfect gases, Eq (11-17) integrates to 


(5-145) 

(11-17) 


, Aa]r = -JKoTIn^ (11-18) 

P2 

a result that could have been surmised from Art 11-13. 

The standard free energy change is defined as the change m the 
property G between the products m their standard states and the 
reactants in their standard states As before, the standard state is 
the phase that is normal at 1 atm pressure and at the specified tem- 
perature. For this reason Eq (11-95), which defines the equilibrium 
constant, is also equal to (but of opposite sign from) the standard free 
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energy change because reactants and products are at unit pressure 

= -i2oTlnXp (1M9) 

The degree sign is used to specify the standard state of unit pressure for 
reactants and products because the free-energy relationships contain 
the property of entropy, and values of entropy will change markedly 
with pressure; for this reason the standard states must always be 
observed (The same convention should also be used for the standard 
heat of reaction although this value is affected but slightly by changes 
in pressure, and for ideal gases is unaffected ) 

Note that Eq (11-19) is a means for evaluating the standard free 
energy change of a chemical reaction The partial pressures in the 
equilibrium mixture can be measured, Kp computed, and AG° found 
byEq (11-19). 

Suppose, now, that the change in the experimentally determined 
values of free energy^ and heat of reaction are examined for several 
reactions 

C(s) + 02(g) C02{g) = -169,182 Btu (e) 

AG? 7 f = — 169,557 Btu 
TAS® = 4-375 Btu 

CO(g) -h ^02{g) C02(g) ^ ^ - 121,664 Btu (/) 

- -110,540 Btu 
TAS° = -11,124 Btu 

In reaction (e), the change in AG° is greater than AH°, and therefore 
the work that can be obtained from a certain reversible and iso- 
thermal process is greater than the negative of the heat of reaction 
at that same temperature In reaction (/), however, the opposite 
situation IS present 

Example 22 : Determine the maximum work that can theoretically be obtained 
from a flow process for the reaction of pure carbon and atmospheric air at 77 F 
m the absence of any heat reservoir except the surrounding atmosphere (AG 77 F is 
known to be —169,557 Btu mole"^ carbon ) 

Solution: (The word maximum has been deliberately used here to impress on 
the student the futility of determining exactly what the word implies ) The reac- 
tion equation is 

C(s) -h O 2 4 - 3 76 N 2 -► CO 2 H- 3 76 N 2 iA (?77 F = —169,557 Btu/mole C (g) 

Smce AG® represents the standard free-energy change for the reaction, AG® is 

^ Values of free energy can be calculated from the values listed in Table XIII 
(Appendix) for the free energy of formation The procedure is the same as that 
followed in Art 1 1-8 
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entirely unaffected by the presence of nitrogen because the nitrogen entered and 
left the system in the same state the change m free energy of the nitrogen is zero 
a For the first solution consider Fig A Here it is considered that air enters 
the system at umt pressure, and for atmospheric air 

Pni “ 0 79 atm 
Poi =* 0 21 atm 



The AG for Fig A is different from that mdicated m Eq (g) because the Oa and 
Na are not m standard states, and for perfect gases [Eq (11-18)] 

Ag “» —nRoT In — 

P2 

Ago, = -1 986(537) In ^ = +1665 Btu 

Agn, = -3 76(1 986) (537) In ~ = + 954 Btu 

2619 Btu 

Since G 18 a property, 

AQ 4- aG^ = AG 
pi to 1 atm Fig A 

aG = -169,557 + 2619 = -166,938 Btu 
J‘ig A 

l^irflow “ — AG =« 166,938 Btu /mole C Ana 

Note that the work obtamed is now sliglitly less than the negative of the heat 
of reaction 

COyATj 


B 

b The second solution would be to assume the products left as a mixture of 
COa and Na as shown in Fig B For this system 

AG » Aoo, + Agni 4" AG° + Aon^ 2 -f- Aocoi 

B to 1 atm) to 1 atm) (1 atm to (1 atm to Pqq) 

Since the partial pressure of nitrogen m the entering air is the same as the partial 
pressure m the leaving mixture, these terms cancel For the CO* 
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AO = -nR„T In H-' = _i 986(637) In = +1665 Btu 

J)2 V « X 

Thus, 

a(t = aqoj 4" 4" Agcoj 

Fig B 

- +1665 - 169,557 - 1665 = -169,557 

W]t flow - 169,557 Btu/mole C Ans, 

This answer is equal to —AG° because the partial pressures of the CO 2 and the 
O 2 were equal 

c A third solution would be to premise that the products leave the system 
at the partial pressures of these products m the atmosphere This would seem 


C 

to be the most logical assumption The pressure of CO 2 m the atmosphere is 
about 

PCO 2 = 0 0004 atm 

and AG for CO 2 from 1 atm to 0 0004 atm at constant temperature is 

Ag = — nKoT In — 

P2 

AQco. = -1 986(537) In = -8360 Btu 

Thus, 

A(r =« AGOj + AGN2 4" AG^ + AGN2 4" AGcOj 

Fig C 1 atm) to 1 atm) (1 atm to (1 atm to Pqq ) 

= +1665 - 169,557 - 8360 = -176,252 

IV’It flow = — AG = 176,252 Btu/mole C Ana 

This answer is about 4 per cent higher than AG° 

d In denvmg Eq (ll-9c) the work of expanding the nongaseous phase to its 
partial pressure was ignored Investigate the error in this procedure for this 
example 

Equation (11-17) shows for the carbon 

W]t = — Ag = — Jwdp 

The density of carbon is approximately 135 lb« ft’^^ the specific volume per mole 
IS 0 0885 ft* mole“^ Since carbon is relatively mcompressible, this value will not 
change significantly with pressure The vapor pressure of carbon at 77 F will be 
considered to be zero, then, 

-AG = TT]. = _.(Ap) = 0 J8 8 M 14 7 ) a 44) ^ ^ ^4 Btu/mole C 


BOUnfinr\ 


.-<1 mahmt 
Fundings Sem, permeabif 
membranes 
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Hence^ the requirement of unit pressure for the standard state of carbon can be 
neglected with insignificant error 

11-16. The Third Law of Thermodynamics. Whenever a chemical 
reaction occurs, certain properties of the system can no longer be 
evaluated from an arbitrary datum state Thus, the heat of reaction, 
as discussed m Art 11-5, is the difference between the absolute values 
of enthalpy (or internal energy) for the products and mixture The 
free-energy change AG for a system that undergoes an isothermal 
chemical change is also a difference in the absolute values of the prop- 
erties of products and mixture because AG includes not only the heat of 
reaction but also the change m entropy for the system 

AG\t = ah - TAS 

This free-energy change can be evaluated if the value of the equilibrium 
constant has been experimentally found [Eqs (11-9) and (11-15) or 
(11-16)] However, it could also be evaluated if the absolute entropy 
of each component in the reaction were known and, also, the heat of 
reaction The heat of reaction is readily determined and the absolute 
entropy can be determined from the principle known as the Third Law 
of Thermodynamics* 

The entropy of a substance becomes zero in a state at the absolute 
zero of temperature. 

The Third Law enables the absolute entropy of a substance to be 
calculated from the definition of the change in entropy 

= -^1 (5-4) 

Jrev 



and, by the Third Law, a state exists at the absolute zero where 

5o = 0 

and therefore, from this state to the temperature T, 



(11-20) 


Equation (11-20) can be evaluated if the thermal properties of the 
substance are known for all temperatures Of course, the expen- 
mental data must be extrapolated to absolute zero because test 
temperatures will always be above this limiting temperature; this 
extrapolation is easily accomplished and usually introduces little error 
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Tables XIII and XIV (Appendix) list values for the absolute 
entropies of several substances based upon both experimental and 
theoretical relationships 

Example 23: Compute the standard free-energy change for the reaction of 
Example 22 

Solution: For this reaction, Table XII (Appendix) shows that 

C(a) -h Oz{g) -^COz(g) A^77F “ —169,182 Btu/mole 
while from Table XIV for the standard state of 77 F and 1 atm pressure 
Sc “ 1 3609 Btu/moJe R = 49 003 Blu/mole R “ 51 061 Btu/mole R 

By defimtion 

« --169,182 ~ 537(51 061 - 1 360<1 - 49 003) 

« -169,182 - 374 

—169,556 Btu/mole carbon Ans 

Problems 

1. Wnte the combustion equation with the theoretical amount of air for 
acetylene (C2H2) and for decane (C10H22) 

2 Repeat Prob 1 but for methyl alcohol (CHaOH) 

3 Repeat Prob 1 but assume that only 85 per cent of the theoretical amount 
of air 18 used and that the moles of hydrogen in the products are only one-half 
the moles of oarbon monoxide 

4 A fuel oil analyzes 85 per cent carbon and 15 per cent hydrogen (gravi- 
metnc) What would be a representative molecular formula? 

5 a A coal analysis (gravimetnc) is (dry basis) 


c 

H 

0 

N 

S 

Ash 

Total 

71 

4 

i 

9 

1 

3 

12 

100 


Determme the minimum mass of air necessary to obtam complete combustion 
b The coal, as fired, had 10 per cent moisture Change the dry analysis in 
(a) to mclude the moisture 

c Determme the minimum mass of air necessary to obtam complete combus- 
tion of the wet coal m (b) 

d Compute the sensible heat loss for the products of (b) if the gases leave the 
furnace at 600 F (Note that the moisture in the coal will mcrease the amount of 
water vapor m the products ) 

6. Repeat Prob 5 but for a coal that analyzes 


c 

H 




Ash 

Total 

70 j 

3 



10 j 

13 j 

100 












398 


THERMOD Y NAM ICS 


7. The products of combustion of the coal m Prob 6 are analyzed by an 
Orsat, 


C 02 

CO 

0 , 

N 2 

Total 

14 6 

0 2 

5 5 

1 

79 7 

1 

' 100 

1 


a Determine the mass of air burned per pound of coal 
b Determme the mass of dry products per pound of coal 

c Assume that the humidity is 0 01 Ib^ of water vapor for each pound of 
dry air, and determme the amount of water vapor m the produits per pound 
of coal 

8 . Determine the condensation temperature of the watei vapor when dodecane 
(CiiHz#) 18 burned with the theoretical amount of air at atmospheric pressure 
The initial temperature of the air is 60 F and relative humidity is 50 per cent 
9 Octane (CsHu) and air are burned, and the Orsat products of combustion 
are 


1 0 

! p 

CO 

Ha 

CH* 

1 

Na 

9 9 

7 2 

3 3 

0 3 

Remainder 


Compute the air-fuel ratio by a carbon balance, and compare with the answer 
found by making a hydrogen balance 

10 The Orsat products of combustion of a hydrocarbon fuel are 


6 

0 

Oa 

CO 

Ha 

CH4 

1 

13 0 

2 2 

0 2 

0 0 

0 1 


Determine the air-fuel ratio by means of a carbon-hydrogen balance (fuel CaH/,) 
11 The Orsat products of combustion of octane and air are 


0 

p 

02 

CO 

Apparent N 2 

87 J 

0 2 

8 6 

Remainder 


The measured air-fuel ratio is 11 3 to 1 Compute the air-fuel ratio in the best 
possible manner 

12 A gas analyzes by volume 


CO 2 

CO 


} CH 4 

C 2 H 4 

N 2 

Total 

3 j 

19 

41 

' 25 

9 j 

3 

100 


Determme the air-fuel ratio for complete combustion and the temperature of 
condensation of the water vapor m the products (atmospheric pressure) 
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18 . Given the higher heating value of methane (Table XII, Appendix) at 
constant volume and 77 F , compute the higher and lower heating values at con- 
stant pressure and compare with the table values 

14 Compute the heat of reaction at constant volume and 77 F of hexadecano 
for the fuel in the hquid state and all products in the gaseous state 

16 Determine the lower heating value of methane at constant volume and 
at 1000 R 

16 Determme the theoretical eombustion temperature attained by completely 
burning methane with 100 per cent excess air at constant volume Assume an 
initial temperature of 537 R 

17 Repeat Prob 16, assuming that combustion occurs at constant pressure 

18 . For the data of Prob 9, assume that the air used for combustion is at 80 F 
and 60 per cent relative humidity 

a Make a carbon balance and determine the following quantities (for 1 Ibm 
of fuel) 

1 Mass of water formed by combustion 

2 Mass of water in air furnished for combubtion 

3 Mass of CO in products 

4 Mass of Hz in products 

5 Mass of CH4 m products 

6 Mass of CO2 m products 

7 Mass of Nz in products 

h Determine the “heat loss^’ for the above data, if the gases are at 900 F, in 
percentage of the heat of reaction at constant pressure (condensed HzOin products) 

1 Heat loss (sensible) in dry flue gases (Example 4b) 

2 Heat loss from incomplete combustion ^heat of reaction at constant pressure 
for each unbumed constituent at the temperature of the inlet air 80 F) 

CO Hz CH4 

3 Heat of vaporization of water formed by combustion (80 F) 

4 Heat loss m superheating water formed by combustion {AH of water vapor 
between 80 and 900 F) 

5 Heat loss in superheating water vapor in air (AH of water vapor, earned 
m inlet air, between 80 and 900 F) 

19. A test of a heat power plant showed the followmg items Coal, of dry 
analysis, 


c 

H 

0 

1 N ' 

S 

A 

Total 

76 

5 

10 

1 

1 

7 

100 


As fired, the coal contained 10 per cent moisture and had a higher heatmg value 
of 12,000 Btu lb”' The air supplied for combustion was at 70 F and 60 per cent 
relative humidity The Orsat analysis of the flue gas showed 


COz 

1 CO 

02 

N, 

I Total 

14 

1 

1 

4 

1 

1 

j 100 
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The cinder m the ashpit analyzed 45 per cent C The flue gas entered the stack 
at 750 F If the heat transferred to the boiler water is 7600 Btu lb”‘ coal as 
fired, make a heat balance to account for all the energy supplied 12,000 Btu lb“* 
coal (Note Prob 18 above, a part of the energy supphed cannot be accounted 
for because it represents heat lost by radiation, etc ) 

20 . If the humidity in the air in Example 19 was neglected, what would be 
the per cent error? 

21 . Calculate the degree of dissociation of 1 mole of CO2 at 5000 R under total 
pressures of 10 and 100 atm 

22 . Repeat Example 21 but for total pressures of 10 and 100 atm 

23 Calculate the degree of dissociation of CO2 when CO is burned with the 
theoretical amount of air if the equilibrium temperature is 4000 R and the total 
pressure is 20 atm 

24 . For the reaction 

CO2 + C — 2CO 
Kp « 10 at 1500 F 

Calculate the maximum conversion possible of CO 2 to CO in the presence of 
carbon (graphite) at a pressure of } atm and at 1500 F 

26 . Determme the mmimum work (per pound of air) that is required to sepa- 
rate atmospheric air at 77 F mto nitrogen and oxygen each at 1 atm pressure 
and at 77 F (Use the reaction box of Art 11-13 for this separation process ) 
Explam why the usual process of mixmg is an irreversible process Show that 
the mmimum work is also given directly by Eq (11-16) 

26 Calculate the equilibrium constants for Eqs (c) and (/) m Art 11-15 
from the data given 

27 . Calculate the standard free-energy change for Eq (/) of Art 11-15 at 
1000 R from the equilibrium constant and, also, by the folio wmg steps 

GioooR + AOujqq tojjy h -f-AG5 37 lt G^87 R 
miziure mixture product* 

^1000 R AGiqoo to 687 R ’“(?637 R 

produo to products product* 

If (a) 18 subtracted from (6), 

^^1000 R “ [products “ f^nuiturellCOOR "b [AOmlxture AGproduoteliflOOR 

28 Repeat Example 23 but for reaction (/) of Art 11-15 

29 . Calculate the absolute entropy of nitrogen at 500 F and 1 atm pressure 
(Tables HR and XIII, Appendix), at 10 atm (assume ideal gas) 

80 . An automobile engine, usmg octane as the fuel, has a ** thermal'^ eflSciency 
of 25 per cent, that is, 25 per cent of the higher heatmg value of the fuel is con- 
verted mto work Compute the true efficiency, TF^tuai/IFiMximuipj for this process 
(Atmospheric temperature is 77 F ) 

81 . A steam power plant contams a thermodynamic cycle with thermal effi- 
ciency of 20 per cent, although only 85 per cent of the heat of combustion of the 
coal 18 transferred to the cycle Assuming that coal is pure carbon, determme 
the true efficiency for the power plant process (Atmospheric temperature is 77 F ) 


(a) 

(b) 
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Symbols 

A Helmholtz free energy 

j[F air to fuel mass ratio 

a, 6, c, df e unknown numbers, also, moles of components A, By etc 
c heat capacity 

C centigrade temperature scale 

F Fahrenheit temperature scale 

G free energy 

G free energy per uiut mass (m particular, in the absence of chemical 

change) 

g gas phase 

H enthalpy 

h specific enthalpy 

A'p equilibrium constant 

I liquid phase 

n moles 


p pressure 

p' partial pressure in equilibrium mixture 

Q heat 

R Rankme temperature scale 

Rq universal gas constant 

8 specific entropy, also, solid phase 

S entropy 

T absolute thermodynamic temperature 

U mternal energy 

u specific mternal energy 

V volume 

t) specific volume 

W work 

X mole fraction, also, unknown number 

y unknown number 


Superscripts 

(degree) standard state of 1 atm pressure and specified 

temperature (usually 77 F) 

(prime) partial pressure m ohcmi(*al equilibrium mixture 

Subscripts 


A, B, C, D 
fg 

m 

P 

8 

T 

V 

WQ 


ideal gases 

change from saturated liquid to saturated vapor 
mass 

constant pressure 
saturated vapor 

constant temperature, usually, for end states 

constant volume 

watergas 
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CHAPTER XII 

POWER CYCLES— VAPOR 


The virtue of reversibility can be exchanged for the virtue of speed 
by using an irreversible combustion process to create a heat reservoir. 
Once the heat reservoir has been created, the maximum thermal 
eflSciency that can be obtained from a power cycle is definitely deter- 
mined (Example 5, Chap. V). In this chapter the power cycle will be 
examined for irreversibilities, but it should be stressed that the cycle 
and the heat reservoir must also be examined together, because it is 
the work obtained from the combination of these two systems that is 
the all-important factor 

12-1, The Efficiencies of Process and Cycle. Before the power 
cycles are investigated, it will be well to define certain performance 
factors that are m common use The thermal efficiency is a First Law 
relationship (Art. 3-7), which shows the fractional part of the heat 
supplied to a cycle that is converted into work 


_ _ Qa Qr 

” “ Qa “ Qa 


(3-20) 


However, the thermal efficiency of a cycle does not indicate whether or 
not the cycle is perfectly performed A cycle may have a low thermal 
efficiency and yet be operating in the most efficient manner. For this 
reason, although high thermal efficiencies are always desirable, other 
performance factors must also be used to evaluate the cycle fully 
When a system undergoes a process, but not a cycle, a process 
efficiency can be formulated to show the accomplishments of the 
process The compression efficiency (Art 8-9/) is applied to a pump or 
compressor and is defined 


Vc = 


IF ifl«ntropto 

IF ftetuftl 


( 12 - 1 ) 


The expansion or engine ^ciency is applied to a work-producing 
process: 


Ve 


IF aetual 
IF Uentroj^a 


( 12 - 2 ) 


Equations (12-1) and (12-2) are not restricted to adiabatic processes 
although the efficiencies can be rationally defended only when the 

405 
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process is essentially adiabatic, for then Eqs (12-1) and (12-2) merely 
show the ratio between the actual work and the anticipated ideal work 
When properties of the fluid are used in evaluating the work of the 
process, the actual work required (or delivered) by the real machine 
will be greater (or less) than the calculated value because of mechanical 
friction and heat loss (if this latter item has been ignored m the calcu- 
lations) Thus, Eqs (12-1) and (12-2) can be used to show either 
internal' (as in this chapter) or else “over-air' eflBciencies 
It IS entirely possible for a theoretical power cycle to have a high 
thermal efficiency even though the real cycle has an extremely low 
thermal efficiency. A warning of this possibility is given by the work 
raitOj which is defined 

— net work from cycle _ . 

positive work within cycle 2 + IT 

For example, suppose the positive work for a theoretical cycle is 10 
units and the negative work is 9 units (an unusually low work ratio) 

Tw = ^ 

Now suppose that the expansion and compression efficiencies of the 
real cycle are 0 90 , then, 

Output work processes = +9 units 
Input work processes = — 10 units 
XW = —1 unit 

and the real cycle cannot operate as a power cycle because work must 
be supplied Moreover, the fixed costs of the installation are high 
when the work ratio is low For a cycle with work ratio of 0 1, it 
would be necessary to buy and install a turbine of 10,000 hp and a 
compressor of 9,000 hp to produce 1,000 hp 

12-2. The Carnot Cycle. One corollary of the Second Law of 
Thermodynamics is the Carnot premise' 

The efficiency of a reversible heat-engine cycle depends only 
upon the temperatures of source and sink and increases as the 
source temperature is raised or the sink temperature is lowered. 

To obtain this maximum efficiency, the simplest cycle that can be 
devised to operate between two heat reservoirs at fixed temperatures is 
the Carnot cycle (Fig 12-1) The cycle consists of an isentropic 
compression a6, an isothermal addition of heat 5c, an isentropic expan- 
sion cdf and an isothermal rejection of heat da, and these reversible 
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processes may be either flow or nonflow processes. The thermal efli- 
ciency of this reversible cycle is 




Qa + Qr _ TAj^Sbc) + AS6c) 
Qa TA(^Sbc) 

Ta - Tn 
Ta 


(5-16) 


Avaifabk ptfri] 
offheheai- ■' 
received (nert 


T 

Lhavafhbh\ 
partofffre 
heat received 
(heat r^ecfed) 


6 

Ta 



a 

mm 


Fig 12-1 



The Carnot cycle 


Suppose that a vapor, such as steam, is used as the fluid for a Carnot 
cycle (Fig 12-2) The characteristics of the fluid do not change the 
thermal efficiency, although now processes be and da are at constant 
pressure as well as at constant temperature [because, within the two- 
phase region, temperature and pressure are dependent variables (Art. 
G-1)] If the steam is to undergo a series of nonflow processes, it must 
be confined in a cylinder by a piston An essentially adiabatic com- 
pression (or expansion) process could be readily accomplished, but 
the succeeding isothermal process {be or da) would involve both the 
addition of heat and the production of work In practice, it is easier 
to construct machines that involve only work or only heat because 
the combination of work and heat in one process requires the machine 
to be operated at very slow speeds Consider, too, that the changes 
in volume throughout the cycle are quite large For these reasons, a 
series of flow processes is best used for executing the vapor cycle 
In a flow process at constant pressure and temperature, no work is 
done, therefore, the isothermal processes be and da of Fig 12-1 (which 
are difficult processes in a nonflow cycle) can be easily approached by 
using flow processes a boiler for process 6c and a condenser for process 
da 

In the flow system of Fig 12-2, saturated steam c leaves the boiler, 
enters the turbine, and expands to state d The two-phase mixture 
at d then enters the condenser where it is cooled to state a, and then it 
enters a compressor where it is compressed to the saturated liquid 
state 6. The cycle is completed by vaporizing the liquid in the boiler 
into saturated steam at constant pressure and temperature. 

The transfers of heat and work can be found for each flow process 
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by the First Law equations* (which are valid for reversible or irreversi- 
ble processes) 

e - - -'“In..,.. (3-13) 

Jape ake^ Jape.ake^ 

The heat added is 

Qa = A/ifcc (^) 

The heat rejected is 

Qr = Ahda (b) 

The work of the cycle is 

= Qa + Qr = + A^da = ^tQA (c) 

and^ also, 

XW = W^+ W,c + Wed + Wda 

STT = (ha - hf,) + 0+ (he - M + 0 - Ahu + Ahda (d) 

Cnhcetf 



Or the Second Lav/ equations can be used since each process is reversi- 
ble (and these equations are valid for either flow or nonflow processes) 

— TjiAsftc “ hfglxA (c) 


Qr rev = ~~T nAsbe = T nASda (f) 

2PFfev = Ahbe ” T RASbe (g) 

Equation (g) evaluates the enclosed area on either the pv or the Ts 
diagram 

Example 1 : Determine the performance factors for the Carnot cycle illustrated 
m Fig 12-2 if the pressure at h (and c) is 600 psia and the temperature at a (and d) 
is 60 F The surrounding temperature is also 60 F (atmospheric) 

* In the real power cycle, insignificant change occurs in kinetic or potential 
energy at the boundary for each process, therefore, such changes will be neglected 
in this chapter 
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Solution : From the Steam Tables for these data, 


p 

» 600 psia 

h - 1203.2 

hf = 471 6 

hf, - 731 6 

t 

486 21 F 

s » 1 4454 

«/ - 0 6720 

*/, = 0 7734 

p 

» 0 2563 psia 

h « 1088 0 

A/ - 28 06 

hf, ■= 1059 9 

t 

60F 

8 - 2 0948 

«/ = 0 0555 

Sf, = 2 0393 


The enthalpy at state d can be found from the Mollier chart or by calculation. 


«c — S<j — 8/ + XSfa 


( 6 - 1 ) 

1 4454 « 0 0555 + x(2 0393) 

Xd « 0 6816 


Arf — A/ + xhfQ 


( 6 - 1 ) 

-28 06 +0 6816(1059 9) 

hd = 760 5 


and, m the same manner, 

The work for each process is 

flJa « 0 3023 

Aa - 348 5 



Wbe =* Wda “0 (constant-pressure flow process) 
Wed = -A/i « 1203 2 - 750 5 = 452 7 Btu/lb« 

Wab = -AA = 348 5 - 471 6 = -123 1 

ZW « 329 6 Btu/Ib„ 


This answer can be checked by Eq (g ) . 

STFrev - Akbc - TRAsbe « 731 6 - 619 7(0 7734) = 329.7 Btu/lb« 

With these data 

mu Ta-Tr 486 21 - GO 

Thermal efficiency - ^ 486 21+ 459 7 

« 0 45, or 45 per cent Ans 

Tr.«>n 

Compression efficiency ■“ 17 * =* “ 1 0 , or 100 per cent Ans 


Expansion (engme) efficiency « tj« ** W^ ■=* 1 0, or 100 per cent Ans 

Txr 1 . SPT 329 7 . 

Work ratio — nr « ^ ^ *” 45 ^ =* 0 73 Ans 


0 73 Ans 


Example 2: Upon test of the cycle of Example 1 , the expansion and com- 
pression efhcienciea were found to be 85 per cent, and both processes were essen- 
tially adiabatic Determine the performance factors for these conditions 



S 

Fig a 


Solution: The cycle for this problem is shown m Fig A The properties of 
the fluid at state b' can be found from Eq ( 12 - 1 ), and for Q ■« 0 , 
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Compression efficiency >■ i?* 


^ iaan 

TFaot 


— A^ab' 


-122 6 
— Ahab* 


ha — h' = (Waot)ab •" —144 2 Btu/lb„ 
h' = Aa + 144 2 « 492 7 Btu/lb„ 


085 


The quality at 6' can be computed 


and therefore 


kb' = A/ + Xhfg 

492 7 « 471 6 + a;C731 6) 
X = 0 0289 


fib' » 0 6944 


The properties at state d' are found from Eq (12-2) for the expansion (engine) 
efficiency, and with Q = 0, 

^ fT' nAcd' — ^Acd' A oc 

Engine efficiency » ° 

Ac — Arf' — (Pr»ct)crf' » 384 4 Btu/lb,ft 
ho- 384 4 = 818 8 Btu/lb« 

and the quahty at d' is 

Ad' = A/ + xhfg 

818 8 = 28 06 + a:(1069 9) 

= 0 746 
fid' = 1 5768 


The heat transferred to the cycle is 

0^ » A. - h' = 1203 2 - 492 7 = 710 5 Btu/lb„ 


Note that less heat is added in this irreversible cycle than in Example 1 because 
of the irreversibility m process ah\ With these data 


T?< 


rir = 


Qa " 


384 4 - 144 2 


710 5 
240 2 

2 + W 384 4 ' 


0 338^ or 33 8 per cent Ans 


0 625 


^715 


The Carnot cycle is not used in industry because the vapor-compression 
process {ab in Fig. 12-1 or 12-2) cannot be efficiently accomplished, 
and therefore the practical system would have a low thermal effi- 
ciency and a high cost 

12-3. The Rankine Cycle. A cycle with a higher work ratio, but 
with a lower thermal efficiency than the Carnot cycle, is obtained by 
substituting a liquid-compression process for the work-consuming 
vapor-compression process. Thus, in Fig 12-3, the Carnot cycle is 
modified into a Rankine cycle by completing the condensation process 
in the condenser and then reversibly pumping the saturated liquid at 
state a to the boiler pressure at state h Heat is added at constantly 
increasing temperatures from h to c, and at constant temperature from 
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c to df in a reversible,^ constant-pressure process. The fluid is reversi- 
bly expanded in a turbine from state d to state e, and the reversible 
heat-rejection process of condensation ea at constant temperature and 
pressure completes the cycle 


Cnfical 



s 

Pig 12-3. The Rankiue cycle (tejnperature rise ah greatly exaggerated) 


In the same manner as for the Carnot cycle, the relationships for 
the Rankine cycle are found to be 


Qx = Mibd = hd — hh (a) 

Qr ^ A/lea ~ ha hg (b) 

STF == Qa "h Qr = ViQ^ (c) 

SITrcv == A/im - TrAsm (d) 


(3-20) 


Example 3: For the same conditions as m Example 1, determme the per- 
formance factors for the Rankine cycle of Fig 12-3 

Solution : The pump work for the liquid is closely (Example 7, Chap. VI) 

W =s —vAp 


and at t 


60 F, for saturated water, w/ = 0,01604 

^ ^ _ 0 01604(6y - 0 256 _ 3)U _4 ^ 
77o lo 


The properties at each state are (Steam Tables and Example 1) 


Aa « 28 06 hb = 29 84 hd = 1203 2 A, = 750 5 

Sa « 0 0555 Sb = 0 0555 Sj = 1 4454 Sg « 1 4454 


^ The irreversibdity caused by a temperature difference between cycle and 
heat reservoir can be disregarded here by defining the boundary of the system 
so that the temperature difference is in the surroundings (Art 4-3) The loss 
of available energy because of the temperature difference is thus not debited 
against the cycle (Art 12-10 and Example 7) 
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Then, 


With these data, 

T7t ” 


Qa ^ 1173 4 Btu/lb« 

Qr ^ ha - K ^ -722 4 Btu/lbm 
XW » 451 0 Btu/lbm 

Wturbtoe « Ad - A. - 462 7 Btu/lb« 
Wmimp - Aa - Afc « -1 78 Etu/lb„ 

TIT 4^1 n 

TT" “ T v^o - 7 « 0 384, or 38 4 per cent 
yx 1170 4 


Ana 


Compression and expansion efficiencies are 100 per cent Ana 


TW 


IW 451 
2 + W “ 452 7 


0 996 


Ana 


Example 4: Upon teat of the cycle of Example 3, the expansion and com- 
pression efficiencies are found to be 85 per cent, and both processes were essentially 
adiabatic Determine the performance factors for these conditions 

Solution: For a compression efficiency of 85 per cent, the actual pump work 
will be 


Wiaen 

Woo, 


-178 


0 85 


= -2 09 Btu/lb„ 


Since the real process is adiabatic, the enthalpy of the fluid is increased by 2 09 
Btu lb“‘ The entropy increase durmg this irreversible process can be approsci- 



Fig B 

mately determined by noting that the work, m excess of the reversible work, is 
dissipated in turbulence and friction with a net effect equivalent to a transfer of 
heat to the fluid 

^ 2 09 - 1 78 0 31 ^ ^ 

~ 60 + 459 7 “ 619.7 “ ° Btu/lb„ E 


The properties at each state m Fig B are (Steam Tables, Examples 1 and 2) * 

A„ = 28 06 Afc^ « 30 15 hd « 1203 2 A.^ = 818 4 

So =» 0 0555 8b' “ 0 0561 s<; « 1 4454 v = 1 576 

Then, 


Qa * hd 

- Af,^ 


1173 0 

Qr “ Ao 

-A/ 

- 

-790 3 


ZW 


382 7 BtnAK 

B^turhlnd 

hd - 

A/ 

->384 8 

TFxmmp “ 

ha - 

hb' 

- -21 



- 882.7 Btu/lb. 
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With these data, 

m 


rw 


XW 382 7 
Qa “ 1173 0 “ 
XW 382 7 

2 + W 384 8 


0 326, or 32 6 per cent 
= 0 995 Ans 


Ana 


The answers for Examples 1, 2, 3, and 4 can be compared 



Example 1 

Example 2 

Example 3 

Example 4 


Theoretical 

Practical 

Theoretical 

Practical 


Carnot 

A 

Rankme 

B 

Thermal efficiency 

45% 

33 8% 

38 4% 

32 6% 

Work ratio 

0 73 

0 625 

0 996 

0 995 


This table shows that the Rankine cycle can be more readily approached by the 
real cycle B than if the Carnot cycle were to be attempted (cycle A) Too, the 
work ratio of cycle B is not perceptibly different from the work ratio of the Rankine 
cycle and is much higher than that of cycle A Note that the efficiency of cycle A 
18 only 1 2 per cent greater than the efficiency of cycle B although the Carnot 
cycle IS 6 6 per cent more efficient than the Rankme cycle 



exaggerated) 

The foregoing examples indicate that, although the Carnot cycle is 
theoretically most desirable, practically the Rankme cycle is less 
sensitive to irreversibilities that are always present in real cycles. 
Since the net work of the Carnot cycle is low and, therefore, equipment 
size and cost high, it becomes evident that improvements m the 
Rankine cycle are the most logical fields to explore 

The thermal efficiency of any cycle can be mcreased by increasing 
the temperature of the heat-addition process. But for water, as is 
evident in Fig 12-3, the increase in tempeiature is accompanied by a 
considerable increase in pressure (In fact, for a temperature of 
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705 F — the critical temperature — the critical pressure is 3,206 psia ) 
Because of this, steam must be superheated if the highest possible 
temperature is to be attained in the cycle In Fig 12-4 is shown a 
Rankine cycle that uses steam superheated to 740 F (the name RanHne 
cycle does not limit the state of the steam). This cycle can be analysed 
in the same manner as illustrated in Examples 1 and 3 However, it 
IS instructive to consider the cycle to be made up of three independent 
cycles, Af B, and C, Cycle A is the cycle added to the Carnot cycle B 
to eliminate the vapor-compression process. Cycle C can be called 
the superheat cycle Then for these cycles* 



1 

2 

3 

4 


Heat added 


Work 
(1) + (2) 

Thermal 


Btu 

% of 
Total 

Heat rejected 

efficiency, % 
(3) - (1) 

Cycle A 

Jt^} 


-TRiSe - S>) 



1 

441 8 

32 8 

-320 4 

121 4 

27 5 

Cycle B 

hd ““ he 


— Tnisd — Sc) 




731 6 

54 5 

-401 9 

329 7 

45 1 

Cycle C 

he “■ h li 


— Tnise — Sd) 




170 8 

12 7 

- 84 0 

86 8 

50 8 


7:Qa - 1344 2 

100 0 

Qa 806 3 

SIT = 537 9 



'LW 


The tabled values reveal, quite clearly, that cycle A, wherein wateB 
IS heated from the lowest temperature to the saturation temperature, 
has a particularly low thermal efficiency that exerts a strong influence 
on the over-all efficiency because of the relatively large amount of heat 
added Cycle C does not radically affect the over-all thermal efficiency 
(or the efficiency of the Carnot cycle B) because the superheat accounts 
for only 12 7 per cent of the total heat transferred to the system This 
analysis indicates that the properties of water are not particularly 
suited to the prime requirement for maximum thermal efficiency heat 
to be transferred to the cycle at the highest possible temperature. 

An advantage of superheat, not shown by a theoretical analysis, is 
the elimination, in part, of moisture from the steam in the last stages 
of the expansion in the turbine. Note that increasing the pressure* 

* Most modern large central stations are designed for 800 to 900 psia, 900 to 
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of the Rankme cycle and so increasing the temperature of heat addi- 
tion also cause the final condition of the steam to become increasingly 
wet (Fig 12-3) The presence of over 10 per cent moisture in the 
steam will cause quite serious erosion of the turbine blades and, also, a 
decreased engine efficiency; these conditions can be corrected by 
superheating the steam 

12-4. The Ideal Fluid for the Rankine Cycle, In view of the dis- 
closures in Art 12-3, a digression will be made here to consider the 
properties of an ideal fluid The ideal fluid for the Rankine cycle, and 
therefore the ideal fluid for the industrial power plant, should have the 
following properties* 

1 The latent heat of vaporization should be large and the heat 
capacity of the liquid should be small [at least relative to each 
other, for then the effect of cycle A (Fig 12-4) on cycle B would 
be negligible and the efficiency of the Rankine cycle (cycles 
A + B) would be essentially that of the Carnot cycle B] 

2 The critical point should be above the highest operating tem- 
perature [This would allow the temperature of heat addition 
to cycle B (Fig 12-4) to be increased to the highest possible 
value that the material can withstand ] 

3 The vapor pressure, at the highest operating temperature, 
should not be high (High pressures not only are dangerous 
but also increase design costs and maintenance problems ) 

4 The vapor pressure, at the lowest operating temperature, should 
be higher than atmospheric pressure (This would prevent air 
from leaking into the condenser,^ thus raising the mixture pres- 

925 F operation, although pressures of 1,500 psia are not uncommon Smaller 
industrial plants use pressures of 300 to 600 psia and temperatures of 450 to 
750 F 

^ In an idle steam power plant, the condenser contains air at atmospheric 
pressure When the turbine is started, steam can expand only to the condenser 
pressure, and this will be atmospheric pressure An air vent on the condenser 
18 connected to an air pump, and the air (and its contained steam vapor) is pumped 
from the condenser The exhaust steam from the turbme, on condensing upon 
the cold condenser tubes, suffers a tremendous contraction of volume, and there- 
fore the pressure falls The pressure contmues to fall until all the air is removed , 
then, the pressure in the condenser will be that dictated by the vapor pressure 
of the condensate This pressure is controlled by the temperature of the coolmg- 
water supply For example, when steam condenses, a high vacuum exists at the 
normal temperature of the coolant at 60 F the saturation pressure of steam is 
0 2563 psia Thus, the air pump must be kept m contmuous operation to remove 
air that leaks mto the high vacuum system, and this pump work is an added cost 
of operation Note, especially, that the steam from the turbine can only expand 
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sure, which is the pressure of exhaust for the turbine and there- 
fore controls the work output to a great extent ) 

5 The entropy of the saturated vapor should not change markedly 
with change of pressure; this would require the locus of satu- 
rated-vapor states on the temperature-entropy diagram to be 
steep [However, it should not be at such an angle that the 
steam is in the superheat region as it enters the condenser, for 
then the steam has not expanded to the lowest possible tem- 
perature, the condensation temperature at the exhaust pressure 
Too, the rate of heat transfer is higher for wet steam than for 
superheated steam But neither should the steam, in passing 
through the turbine, become too wet (more than 10 per cent 
moisture) ; else erosion of the turbine blades and reduced blading 
efficiency will become problems ] 

6 The properties of the fluid should be conducive to high rates of 
heat transfer m order that both surface areas and temperature 

. , , differences can be small in 

Cntfca/ 

__ the heat exchanger. 

for safety Vafursifion m cost, Stable, nonexplosive, 

yocusfoaiiOHi , in 

Lowheafcapaafy mo/sfure and noncorrosive under all 

T for liquid m turbine i , - , , 

^ conditions of operation, and 

P>Pofoe/iminafeaur r . t> 

^ pumponZndenser nonpoisonous for Safety of 

W-Hi^hknfheaf- personnel 

s No fluid IS known that satisfies 

Flu 12-6 The characteristics of an all these desirable characteristics, 
ideal fluid for the Rankine cycle , , n ^ i i , 

which are illustrated, in part, by 
Fig 12-5 Water, of course, is the usual fluid for the power cycle 
because it is cheap and plentiful The problem, then, is either to dis- 
cover a perfect fluid or else to adapt the Rankine cycle to the proper- 
ties of water in order to obtain the highest possible thermal efficiency 


Medium pressure 
for safety 

Low heat capacity 
^ for liquid 

I p>Po to e/iminafe air 
pump on condenser 

latent heat ~ * 


Flu 12-6 The characteristics of an 
ideal fluid for the Rankine cycle 


to the mixture pressure m the condenser, hence, the presence of air prevents the 
attainment of the maximum work 

Although this argument is based upon pressure, it should be remembered 
that pressure is only the mcidental factor m obtaining the maximum work The 
prime essential is to operate the cycle between the highest and the lowest possible 
temperatures But the attainment of the lowest temperature is also reflected by 
the attamment of a definite pressure, which is dictated by the pressure-temperature 
characteristics of the fluid Therefore, fluids, such as steam, which have low 
vapor pressures at atmospheric temperatures, are undesirable because leakage of 
air into the system will prevent expansion to the pressure dictated by the lowest 
possible temperature 
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12-6, The Reheat Cycle, It should now be evident that raising 
the average temperature of heat additions to the water in a Rankine 
cycle requires not only superheat but also a high pressure, which 
causes an excessive increase in the moisture content of the steam in the 
expansion process through the turbine. This fault can be corrected 
by the reheat cycle (Fig 12-6), which is a modification of the Rankine 
cycle. Here steam is expanded in a turbine to an intermediate pres- 
sure (h) where the moisture content is not excessive. The steam is 
piped back to the furnace, reheated to the initial temperature (process 
ht), and then expanded in a second turbine to the condenser tempera- 
ture (process tj) Inspection of Fig 12-6 shows that expansion within 
the two-phase region has been decreased by the reheat 



Whether or not the reheat cycle will have a greater efficiency than 
the Rankine cycle can be visualized by means of Fig 12-6 Note that 
the reheat cycle can be considered to be made up of cycles A, R, C, and 
D, Hence, reheating the steam will increase the thermal efficiency 
only if the efficiency of cycle D is greater than the efficiency of the 
Rankine cycle (A + B + C). The thermal efficiency of cycle D 
depends directly upon the temperature of point h. If the temperature 
of h is close to the temperature of d, then reheating will raise the 
thermal efficiency of cycle ABCD above that of cycle ABC If reheat- 
ing is delayed until the expansion has proceeded to the neighborhood of 
point k, then cycle D may have a low thermal efficiency, and the 
combined efficiency of cycle ABCD may be less than the efficiency of 
the Rankine cycle ABC 
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Example 6 : For the data of Art. 12^3 and Fig. 1^4, assume that steam expands 
m a high-pressure turbme to the saturated-vapor state The steam is reheated 
to the initial temperature (740 F) and then expanded in a low-pressure turbme to 
the condenser temperature (60 F) Determme the efficiency of the cycle 

Solution : Smce expansion m the high-pressure turbine is to the saturated state 
(h in Fig 12-6 18 to be on the saturated-vapor line), either a Molher chart or 
Table 1 of the Steam Tables shows 


Given 3 a 1 6070 (saturated vapor) 

Read Pa “ 94 8 psia t\ = 324 F ^a =» 1186 2 

The steam is reheated at constant pressure to the original temperature, 740 F, 
The properties at this state are 


Pt w 94 8 psia kt = 1399 6 3* =* 1 8266 


and the efficiency of cycle D is found 


Heat added 

1 Heat rejected 

S Work 

I Thermal efficiency 
of cycle D 

— hh 

— Tr{Si — Sh) 

i 


213 3 

-114 1 

99 2 

46 6% 


The efficiency of the combined cycles is obtamed by adding the heat and work 
quantities found above to the values for the Rankine cycle in Art 12-3 


It 


Qa - 1344 2 
Qa = 213 3 
Qa = 1557 5 
SIT 637 1 
Qa “ 1557 5 ^ 


= 537 9 
STF ^ 99 2 
= 637 1 

►, or 40 9 per cent 


Art 12-3 
cycle D 
cycle ABCD 

A ns 


Thus a gam in thermal efficiency of only 0 9 per cent has been achieved 

The work obtamed from each turbme is not shown by this method If this 
mformation is desired, 

Whp * {h, - h)s^c = 1374 0 - 1186 2 = 187 8 Btu/lb« Ana 
Wlp = (h, - hj).^c = 1399 5 - 948 0 = 451 5 Btu/lb„ Am 

S « 639 3 

(From this quantity must be subtracted the pump work if the net work of the 
cycle IS to be obtained ) 

Although reheat can be employed as a means for raising the 
thermal efficiency of a cycle, the thermodynamic gam is small, and 
therefore the mam purpose of the reheat is to eliminate erosion caused 
by moisture. Because of this, reheating is used when high operatmg 
pressures cause a high percentage of moisture to appear in the 
expansion process N ot only is erosion relieved, but also the engine effi- 
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ciency of the turbine is increased by the decrease in moisture Accom- 
panying these advantages, however, are the disadvantages caused by 
the increased cost and complexity of the system Since the steam to 
be reheated is at low pressure, the volume is large and the friction 
losses are high in transporting the steam to the reheatef in the furnace 
and then back again to the low-pressure turbine. For these reasons, 
increasing the superheat, without reheating, may be an easier but less 
effective means of approaching the same end point. 

12-6, The Regenerative Cycle. The thermal efficiency of the 
Rankme cycle is less than that of the Carnot cycle because heat is 
added at other than the highest temperature. But this deficiency can 
be eliminated by regenerative heating although the method to be first 
discussed is highly impractical In Fig 12-7, the condensate is 


Turbine, 




Fig 12-7 A theoretical regenerative cycle (temperature change ah and, therefore, eh 
greatly exaggerated) 

pumped to boiler pressure and then led through heat-transfer coils 
installed m the turbine By this method, the fluid can be conceived 
to be reversibly raised in temperature from b to c, while the expanding 
fluid can be conceived to be reversibly cooled from d to « The thermal 
efficiency of this regenerative cycle is the Carnot efficiency The proof 
of this statement is contained m the following three conditions (1) 
Heat IS added to the cycle at one constant temperature Ta (2) Heat 
IS rejected from the cycle at another constant temperature Tr (3) 
All processes are (or can be conceived to be) reversible. Then, by the 
reasoning in Art 5-3, the efficiency of this reversible cycle is equal to 
that of a Carnot cycle, which employs the same two heat reservoirs 
However, even if such a regenerative turbine could be constructed, 
it would be undesirable for fluids such as water, because the moisture 
content of the expanding steam in the turbine would be increased by 
the cooling. An alternative method can be proposed. In Fig 12-8a 
is shown a regenerative system wherein a small fraction y of the steam 
is extracted from the turbine before it has completely expanded to the 
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filial temperature The extracted steam is mixed with the feed water 
m an ‘^open'' heater ^ In this manner the temperature of the water 
can be increased (from 6 to c) by condensing the extracted steam 
(from t to c) without changing the quality of the steam within the 
turbine. With an infinite number of extraction points, each at a 
different temperature of the expansion, and an infinite number of 
heaters, the temperature difference between the extracted steam and 
the feed water will be made infinitely small and the irreversibility of 
mixing will be similarly decreased For this hypothetical system, 
heat will be transferred only at the highest and lowest temperatures 




Fia 12-S The regenerative (extraction) system (temperature nse in pumps greatly 
exaggerated) 

that are experienced by the system With a finite number of extrac- 
tion points, the irreversibility of each mixing process is a loss in 
available energy Despite this loss, the thermal efficiency of the irre- 
versible regenerative cycle” can be greater than the thermal effi- 
ciency of the reversible Rankine cycle This is so because heat is 
added at a higher average temperature in the regenerative system, 
and therefore a greater percentage of this heat can be converted into 
work The proof of this statement is best shown by an illustrative 
example (Example 6) 

The temperature-entropy diagram for the fluid in a one-heater 
regenerative system is constructed in the usual manner for 1 Ibm of 
fluid, and the actual quantity of fluid present in each process is shown 
on the diagram (Fig 12-86) Note that the quantities of steam y and 
(1 — y) undergo different cycles The path ahcdehija is followed by 
the fraction (1 — y); the path cdehic is followed by the fraction y. 

' An O’Pen beater is a mixing or direct^contcct heater In a closed heater, the 
hot and cold fluids are separated, heat being transferred through metaJ ooils 
(Fig 12-9) 
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Thus, the name regenerative cycle is not precisely correct because a 
combination of cycles is present; usage, however, justifies the name 
In other words, the irreversible regenerative system, itself, cannot be 
shown on the Ts diagram, but the paths followed by each portion of 
the fluid in the real system can be accurately portrayed However, 
because of the irreversibilities, proper interpretation must be made as 
to which of the areas on the diagram represent transfers of heat to the 
system The heat added to the system is 

n - h — 

Wa h rid v^ater through boiler 

The heat rejected from the system involves only the fraction (1 — . 

Htu 

Qr — (1 y){ha hj) ^ater through boiler 
The work done in processes ht and cd is 

w - a - A ^ Btu 

^ * * Ibtn water through boiler 

Wed (he hd) through boiler 

Processes ij and ah involve only the fraction 


and the work is 


/■« \ ibfft 

^ ^ Ibm water through boiler 


w„ - (1 y)iK h,) through boiler 

= (1 - y){K - h) ib„ water through boiler 


(Note that the units for all of these quantities are identical ) 

The expansion process in the real turbine will be irreversible and 
essentially adiabatic. Thus the engine efficiency of a simple regenera- 
tive^ turbine equals 

^ y{hH - K>) + {I - y){hh - h/) 

[y{^h “ K) + (1 ^ y)(hh — hj)]a^c 


where K' = enthalpy at extraction point 
hi* = enthalpy at turbine exit 

^ If the extracted steam is used for purposes other than to heat the conden^te. 
the turbine is called an extraction turbine. 
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For a finite number of heaters, the irreversibility of mixing can be 
held to a mmrnium by dividing the temperature rise equally among the 
heaters. Thus, in Fig, 12-8 the cold water at h could be pumped into a 
boiler and the temperature difference he would exist between the cold 
water and the boiler water This irreversibility is cut in half by using 
one extraction heater to raise the temperature from b to c before the 
water enters the boiler. (In effect the boiler acts as a heater to raise 
the temperature from dioe) If two heaters are used, the temperature 
rise from 6 to 6 is divided into three parts, one part for each heater, and 
the third part for the boiler (Even if the cycle is a superheat cycle, 
the same reasoning is valid. The temperature rise from condenser to 
boiler IS divided into equal increments without regard for the tempera- 
ture of superheat ) 



OPEN HEATER CLOSED HEATER 

Fig 12-9 Feedwater heaters 


The amount of steam that must be extracted for each heater is 
readily found from the First Law The heater in Fig 12-8 can be 
arbitrarily enclosed by a boundary to form a new system (Fig 12-9a). 
For this flow system, which is essentially adiabatic, 


and 

Therefore, 


Q ~W ^ Ml 


Q = 0 W = 0 


SA/i = 0 

he = yK + (1 - y)h 

he hff 
^ ^ A. - hi 


Note that, if two or more heaters are used, each heater can be con- 
sidered to be an independent system and analyzed in the same manner 
as shown here. The heater closest to the boiler must be first analyzed, 
or else there will be more than one unknown 
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In commercial applications, closed heaters, such as that illustrated 
in Fig. 12-9fc, are more usually encountered. Here the feed water is 
passed through coils in the heater and not directly mixed with the 
extracted steam, although the condensate from the extracted steam is 
pumped into the feed-water line, as shown in Fig. 12-9&. For the 
system of Fig. 12-96, the First Law can be applied: 

Q — W = Ah and Q = 0 

and 

-W = K - yh, - (I ~ v)h 
_ he ^ hi -p W 

y ~ h-h 

(In this equation, note that the value substituted for W will be nega- 
tive, by convention ) In the actual installation the saturation tem- 
perature t, of the extracted steam is hotter than the temperature k 
of the leaving feedwater, and this terminal difference may range in 
value from 5 to 20°. 

Example 6 : A Rankine cycle operates with steam between the limits of 600 psia, 
740 F and 60 F (The same data were used m Art 12-3 for the supernaated 
Rankme cycle ) Determine the thermal efficiency i£ a heater is installed to heat 
the feed water m the manner illustrated in Fig 12-8 

Solution: The optimum extraction pressure for the heater is first determined’ 

p ■» 600 psia t, = 486 21 F 
tb “ 60 F 

546 21 -r 2 = 273 1 F 


The pressure corresponding to this temperature is 44 psia The properties at 
different states throughout the cycle are shown m Fig C (Molher chart and Steam 
Table values) 


740F 



h-f3740 

$^/60?0 

IK 

Ji*//26 

$=/6070 

Jil^W 9 -j ^ 

/s^omo ^ 

bff t^OF p^2S63p&ta 

3@H 

06 (l-y)/bm J 

Y $*00555 h-634B s*l60V 

\ x*<775 


s 

Fig C 
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The enthalpies at states h and d are calculated. 

_ 241 9 + 0 -J4)144 ^ ^41 95 + 1 77 = 243 72 Btu/lb» 

h ^ ha V^'p 

= 28 06 + = 28 06 + 0 13 ■= 28 19 Btu/lb„ 

f /O 10 

The fraction of extracted steam is calculated 

he hi} 

^ " h, - hi 

241 95 - 28 19 


1126 - 28 19 


The heat added is equal to 


Qa “ (hh hd) = 1374 243 7 = 1130 3 water through boiler 

The heat rejected is equal to 
Qr - (ha - h,)(l - 1/) « (28 06 -- 834 6)(0 805) 


-649 3 


lb„i water through boiler 


and the thermal efficiency is 


a 9^^ =s = 0 426, or 42 6 per cent Ana 

Ompare this with the superheated Rankme cycle efficiency, 40 0 per cent 



pump 


Fig 12-10 A two-heator regenerative system (terminal differences and temperature rise 
in pumps greatly exaggerated) 

Figure 12-10 illustrates a two-heater system, which does not require 
auxihary pumps because the condensate of the extracted steam is 
“flashed” or “cascaded” back to a low-pressure region. Here the 
fraction (1 — j/i — passes through the cycle abcdehijkla; the frac- 
tion yi passes through the cycle abcdehijmnopa, the fraction yi passes 
through the cycle abedehtjkopa. For this system 
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Qa — X — he water through boiler 

Qr = {ha — hi){l — 1/1 — 2/2) + {ha — hp){yi + ^2) 

TFturUn. = {K - hj) + {h^ - hk){l - yi) + {h - A;)(l - yi ~ 2/2) 
or 

Tf turbine = {K " ^ 0(1 “ 2 /l “* J/z) + (^i “ + (^t - ^Jfc)j /2 

Note that the terminal difference for heater 1 is (/„ — ^e); for heater 2 

it IS {Un — td) 

In some instances the extracted steam is used for process work other 
than to warm the feed water A system of this type can be called an 
extrachon system but not a regenerative system 

12-7. The Binary-vapor System. The discussion m previous arti- 
cles has indicated that an ideal fluid and a Rankine cycle would offer 
the best practical solution to the problem of converting heat into work 
In the absence of an ideal fluid, the Rankine cycle can be modified into 
a regenerative cycle, but here the low critical temperature of water 
mitigates against adding all the heat at the highest possible tempera- 
ture This disadvantage of water for high-temperature operation can 
be overcome, in part, by “topping” the regenerative cycle with a cycle 
that uses a fluid with a higher critical temperature than that of water 
and, also, a lower heat capacity for the liquid phase Thus, in Fig 
12-11, a htnary-vapor system is illustrated, consisting of a regenerative 
cycle, which uses water as the fluid, and a Rankine cycle, which uses 
mercury as the fluid 

The properties of mercury (Table V, Appendix) are such that the 
pressure is only 180 psia for a vaporization temperature of 1000 F 
Since the heat capacity of the liquid is small, a regenerative cycle is not 
demanded,^ and the simple Rankine cycle can be uSed Heat is 
transferred to the mercury cycle to heat the liquid at state I to the 
saturated vapor state m. The mercury vapor then expands m a tur- 
bme to the temperature n with corresponding pressure of 2 psia 
(Unfortunately, expansion cannot be made to 60 F because the vacuum 
in the mercury condenser would be extremely high and therefore 
impractical to maintain ) Condensation of the mercury takes place 
in a condenser that is also a boiler for the water cycle. The mercury 
is pumped back mto the mercury boiler to complete the cycle 

The bottom fluid of the system paases through the processes dic- 
tated by the extraction cycle. Here heat is added to superheat the 

* A regenerative cycle would be undesirable because the efficiency of the furnace 
would be decreased (Art 12-9) 
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steam and so decrease the moisture content in the final stages of 
expansion 

However, the mercury cycle must maintain a greater mass flow 
rate than the steam cycle since the latent heat of vaporization of steam 
IS considerably greater than that of mercury The relative flow rates 



complete detail not shown for H2O Ts diagram) 

can be determined by an energy balance on the adiabatic system of 
Fig 12-12 (which IS also shown in Fig 12-11) 

0 - Tf = A/i = 0 
^(hn “ {hd 

^ 

hn hf( 

Btu/lbm H2O through boiler per period of time 
Btu/lbm Hg through boiler per penod of time 
mass flow rate Hg 
mass flow rate H2O 


z 
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The work and heat transfers for the binary-vapor system will be 
computed on the basis of 1 lb;„ flow of water through the boiler 

Qa - - h) + (K - W lb. H,0 through boiler 

Q. - V>. - W -y,- „) lb. H.O - feuih -b- oto 

^l^turbinea ^n) "1“ (J^e “b (J^h ““ ^t)(l- 2/l) 

+ (A. - - 2/1 - 2 / 2 ) H 2 O through boiler 

The pump work is computed on the same basis noting that Wpi is for 
z Ib„, Hg; Wp 2 IS for yi lb„ HjO, Wpz is 
for y 2 Ihm HjsO, Wpi is for {I — yi — 2 / 2 ) 

Ib^ H 2 O 

Thus, to achieve the objective of adding 
heat at the highest possible temperature, a 
binary-vapor cycle can be used since no 
one fluid is known that possesses all of the 
desirable characteristics of an ideal fluid 
Mercury has certain advantages as a top- 
ping fluid (items 1, 2, 3, and 5, of Art 
12-4) It also has disadvantages • 

1 High cost The Kearny Station of the Public Service Electric 
and Gas Company of New Jersey produces 50,000 kw from a 
mercury-steam binary cycle The binary system requires about 
400,000 Ib„» Hg or approximately 8 Ib,,^ per net kilou att output 
Assuming a market value of $1 00 Ibm Hg, the mercury m the 
system represents an investment of MOO, 000 

2 Not only are leaks from the system expensive, but also mercury 
vapor IS quite toxic. Maintenance costs are increased to guard 
against leakage. 

3 Mercury does not “wet'^ steel surfaces, and therefore heat 
transfer is hindered. The addition of small amounts of mag- 
nesium and titanium has largely eliminated this diflJculty 

4 Iron IS soluble in mercury at high temperatures, and therefore 
special steels must be used. 

The mercury cycle at the Kearny Station operates between limits 
of 140 psig, 975 F, and 1 in Hg pressure while developing 20,000 kw 
The steam cycle operates between limits of 365 psig, 750 F, and 1 in 
Hg pressure while developing 30,000 kw. The thermal efficiency of 



Fig 12-12 tlow ajstem of 
mercuiy condenser and steam 
boiler 
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the system is about 37 per cent. This efficiency has been exceeded 
only by the diesel engine, although the reciprocating engine is built 
in much smaller sizes (the largest engine in this country is about 
8,000 hp) Moreover, mtemal-combustion engmes require a more 
expensive fuel than external-combustion engines 

Other fluids than mercury and water have been proposed for binary 
cycles' ammonia, methyl chlonde, ethyl chloride, sodium dioxide, 
ethyl bromide, aluminum bromide, diphenyl, diphenyl oxide, although 
only the mercury-water cycle has a commercial history 

12-8, Other Performance Factors, The heat rate is a logical factor 
for the cycle or for the complete station of furnace and cycle. 

w f f — heat transferred over a penod of time n9-4^ 
ea ra e output during the same period of time ^ 

The cycle heat rate is defined as the heat received by the cycle per unit 
output of the cycle. The station heat rate is the ratio of the heating 
value of the fuel (the limiting amount of heat that can be transferred 
from the furnace) to the work output of the cycle Both of these 
ratios usually include the efficiency of the electrical equipment, 

A heat rate for the turbine cannot be logically justified because the 
turbine represents only one process in a cycle of processes But it is 
quite usual to define a turbine heat rate which is based upon definitions 
and interpretations proposed by the AS ME Recourse must be made 
to this source for detailed methods when an official performance test 
on a steam turbine is to be made The salient points, however, of the 
Code^ are as follows. 

Complete Expansion Turbine The turbine is charged with the 
enthalpy h\ of the steam supplied and credited with the enthalpy 
hf 2 of the saturated liquid corresponding to the exhaust pressure 
Then by Eq (12-4), 

Turbine heat rate = ^ 1^^^ (12-5) 

Here 

^ _ irturbinc(Btu/lbm) _ kwhr 
3413 (Btu/kwhr) Ibm 

Reheating Turbine The turbine is charged with the enthalpy hi 
of the steam supplied plus the increase m enthalpy from reheating, 
and credited with the enthalpy A/s of the saturated liquid correspond- 

* ''Power Test Codes, Steam Turbmes,'' American Society of Mechanical Engi- 
neers, New York, 1941 
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mg to the exhaust pressure 

Turbine heat rate = ^ ( ^^hr^ (^2-6) 

Regenerative Turbine, The turbine is charged with the enthalpy 
h\ of the steam supplied plus the enthalpy increase from pumps 
located between condenser and final heater and credited with the 
enthalpy of the water leaving the final heater* 

Turbine heat rate = (j^) (12-7) 

and 

mi = mass flow rate to throttle of turbine 


Allowances are also made for makeup water, steam used for sealing 
glands, and subcooling of the condensate in the condenser 

The steam rate is only applied to straight-expansion turbines, and 
it IS the mass flow into the turbine per specified unit of output, pounds 
of steam per kilowatt-hour (or horsepower-hour) output 


Steam rate = 


3413 (Btu/kwhr) 

W'turbine (Btu/lb„) 


2545 (Btu/hp-hr) 

ITturbme (Btu/lfam) 



(12-8a) 

(12-86) 


In terms of the steam rate, the turbine heat rate equals. 


Turbine heat rate = {hi — 6/2) ^steam rate 


= {hi — 6 / 2 ) 


( 


3413 \ 

IW tiirbin®/ 


Btu 

kwhr 

(12-9a) 


And since the work ratio of the steam cycle is close to unity, 


Turbine heat rate 


3413 

Vi 


cycle heat rate 


(12-96) 


12-9. The Heat Reservoir and the Cycle. It has been implied, in 
previous articles, that transfer of heat to the cycle was reversibly 
accomplished This implication was adopted because the cycle was 
the center of attention and the presence of irreversibilities between 
cycle and heat reservoir would only confuse and not aid in the selection 
of the most efficient cycle. Now, however, let attention be directed 
to the heat reservoir. The heat reservoir is usually created by burning 
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a fuel with air at atmospheric pressure. This irreversible process 
produces a stream of hot gases at a temperature in the neighborhood of 
3000 F, by passing the gases over the boiler, superheater, and econo- 
mizer,^ heat is transferred to a cycle The gases of combustion should 
theoretically be cooled to the temperature of the atmosphere To, if 
the greatest amount of heat is to be transferred, although the attain- 
ment of this temperature is quite impossible as well as impractical (a 
temperature of 300 F is about the practical limit^) Suppose that 
the Carnot cycle of Example 1 is to be supplied with heat from this 
heat reservoir Not only will the transfer of heat be irreversible, but 
the gases in the furnace could only be cooled to the highest temperature 
of the cycle, 946 2 R If the Carnot cycle is replaced by the Rankine 
cycle of Example 3, the gases, theoretically, could be cooled essentially 
to atmospheric temperature because of the low-temperature heating 
process Q)c in Fig 12-3) in the Rankine cycle Thus, the Rankme 
cycle IS able to abstract a greater amount of heat from the practical 
heat reservoir than the Carnot is able to obtain Substituting a 
Carnot cycle for a Rankine cycle will not necessarily improve the 
station heat rate unless other changes, still to be described, are also 
made For the same reason, when the Rankine cycle is regenerated 
by using extraction heaters, the thermal efficiency of the cycle increases, 
but the efficiency^ of the furnace decreases because the flue gases 
leave at higher temperatures than before The remedy is to find means 
for maintaining a constant efficiency of the furnace, no matter what 
changes are made in the cycle , for then the cycle of highest efficiency will 
also result in the highest over-all station efficiency The practical 
remedy is to install air preheaters near the exit of the furnace to cool 
the gases by transfer of energy to the air supplied for combustion of 
the fuel In this manner, the efficiency of the furnace is held constant, 
while the temperature of combustion is raised and the transfer of heat 
is facilitated 

The type of firing limits the amount of air preheat. With stoker 
operation, the air temperature is limited to 300 or 400 F else stoker 
maintenance problems arise; while pulverized fuel, oil, or gas allows 
higher air temperatures of 500 to 600 F. For a simple cycle such as 
the Rankine, air heaters are unnecessary, of course, because the flue- 
gas temperature can be held to a low and desirable value by the 
economizer 

* Ab economizer is a heat exchanger, placed near the exit of the furnace, 
wherein the cold feed water is heated by cooling the hot furnace gases 

2 See Art 11-U, 
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12-10, The Availabihty Function and the Cycle. It has been 
remarked that a cycle may have a low thermal efficiency and yet be 
(grating m the most efficient manner The thermal efficiency can be 
called a First Law efficiency because it shows only the energy ratio of 
the work delivered to the heat supplied to a cycle A better gauge of 
efficiency is to measure the ratio of the work delivered to the available 
energy supplied to the cycle Thus, a criterion of the performance 
of the cycle (quite independent of the thermal efficiency) can be called 
the effectiveness^ 8 and defined 


8 = 


increase in available energy of the surroundings 
decrease in available energy of the surroundings 


(12-10) 


For a power cycle the increase in available energy of the surroundings 
IS equal to the work delivered by the cycle, and the decrease in avail- 
able energy of the surroundings is equal to the availability^ of the heat 
delivered by the surroundings 


£ = ( 12 - 11 ) 
{ CtBurrouadingfil 

STF = work delivered by cycle (a positive quantity) 

Q, = availability of heat delivered by surroundings (a negative 
quantity) 

Considering the fraction within the absolute-value sign of Eq 
(12-11), the algebraic sum of numerator and denominator represents 
available energy that the cycle has failed to convert into work There- 
fore, the loss of available energy is 


I 

I 


(^urrouiidiuj|8 ^ IF cycle ( 

= irreversibilities arising from temperature differences 
between system and surroundings, and also from 
irreversible processes within the system (a minus 
quantity) 


Example 7 : The Carnot cycle of Example 1 and the Ranlune cycle of Example 3 
are to use the heat reservoir of Example 5, Chap V Determine the effectiveness 
and the irreversibilities present 

Solution : 

Camot cycle (B in Fig D) 

The Camot cycle can only cool the furnace gases from 3460 to 946 2 R, the 
heat irreversibly received by the cycle from each pound of furnace gas is 

^ Name adapted from Reference 2 

* Refer to Art 6-8 
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r3400R 

• /946 2 R ® 


629 Btu/lbm gas 


(Note that, by convention, the heat leaving the reservoir is of minus sign, while 
the heat entermg the system is of plus sign ) The work obtamed from this 
quantity of heat is 

ZW ^ TjiQA - 0 46(629) « 282 Btu/lb,„ gas 


But the availability of the heat supplied by the surroundings was found in Exam- 
ple 6, Chap V, to be —489 Btu lb~* (The minus sign shows, by convention, a 




Gases of combustion Carnot and Rcinkine cycles 

Fig Z> 


decrease in available energy of the surroundings) Hence, the effectiveness of 
the cycle is 



0 58, or 58 per cent 


Ans 


The loss m available energy between heat reservoir and cycle because of temper- 
ature differences, and because the flue gases were not cooled to is 

J - a -I- 2Tr - -489 + 282 « -207 Btu/lb« Ans 

Note that the cycle, itself, is mtemally reversible. 

Rankine cycle {A + B in Fig D) 

The Rankme cycle can cool, at least theoretically, the furnace gases from 
3460 R to essentially the surroundmg temperature of 520 R The heat received 
by the cycle from each pound of gas is 


r8460R 


0 25(3460 - 620) 


736 Btu/lbm gas 


The work obtamed from this quantity of heat is 


STT - tuQa « 0 384(736) - 282 Btu/lb„ gas 

The effectiveness and the irreversibihties, m this mstance. are the same as for 
the Carnot cycle 
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8 • |-g“| • [Trjggl ” ® ^ p®** 

/ » a + ZW" - -489 + 282 - -207 Btu/lb„ gas Ans 


Thus, the station heat rate would be the same for either cycle Although the 
Carnot cycle is a more efficient cycle than the Rankine, the Rankine cycle is 
able to abstract a greater amount of heat from the reservoir (Note that the 
quantity of steam m one cycle differs from that m the other Note, too, that the 
irreversibility of the combustion process is not included m the analysis ) 

The availability of the heat supplied to the cycle is properly evalu- 
ated by examining the heat reservoir that is m the surroundings 
However, the available energy of the real system is never increased by 
the same amount as the decrease in availability of the heat reservoir 
because temperature differences are always present (Example 7) The 
irreversibilities between heat reservoir and cycle, although important, 
may becloud the presence of irreversibilities within the cycle For 
this reason the denominator of Eq (12-11) will usually be evaluated 
by measuring the increase in available energy of the cycle from transfer 
of heat, and then assuming that this amount is equal (but of ojiposite 
sign) to the decrease in available energy of the surroundings The 
mcrease in available energy can be found by treating the system as if 
it were a heat reservoir (Art 5-8) In effect, it is assumed that the 
transfer of heat from reservoir to cycle is reversible, and therefore the 
irreversibilities all arise from irreversible processes within the system 

Bzample 8 : Determine the effectiveness of the one-heater regenerative system 
of Example 6 and the irreversibilities within the system (Atmospheric tempera- 
ture IS 60 F ) 

Solution : The availability of the heat received by the cycle (and therefore the 
increase m available energy of the system from transfer of heat) is 




(6-8c) 


From Example 6 and the Steam Tables, 


600 psia, 740 F A* - 1374 0 » 1 6070 

600 psia, subcooled hd « 243 7 0 4000 

AA » 1130 3 A« « 1 2070 
(W]p-c « 1130 3 - 519 7(1 2070) « 503 0 Btu/lb«, 


And therefore the decrease m available energy of the surroundings is assumed 
to be —503 0 Btu lb~' The work of the cycle was found m Example 6 to be 


2lFiiT«v • 481 0 Btu/lbi 
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By Eqs (12-11) and (1^-12) 

I 'LW\ 1 481 0 I 

£ «■ “ — 503 0 * ^ ^ 

/ - a + SIT 

I = —503 0 -\- 481 0 = —22 0 Btu/lbm through boiler 

Since the only irreversible process in the cycle is the mixing process m the heater, 
then 22 0 Btu of available energy becomes, in the heater, unavailable energy for 
each pound of steam that flows through the boiler 

12-11* The Availability Function and the Process. It will be ot 
interest to examine the relationships that can be derived for the flow^ 
process and to investigate means for evaluating the irreversibilities 
that may be present Consider the general system in Fig 12-13, as 



Fig 12-13 General flow system with reversible transfers of available energy 

the fluid flows fiom state 1 to state 2, the available energy of the 
stream will change The change in available energy of the system, 
the flow stream, can be evaluated by the method outlined m Art 5-8* 
Compute the available energy of all reversible heat and work transfers 
that are necessary to produce the desired end states for the process 
Then, the change in available energy of the system will equal the 
change in available energy of the surroundings (but of opposite sign), 
because the process is reversible Now if the system were to undergo 
the same change in state, except m an irreversible manner, the change 
in available energy for the fluid must be the same as before, but the 
transfer of available energy to (or from) the surroundings will be of 
lesser (or greater) amount than in the reversible case Thus, if heat is 
reversibly added to the flow system of Fig 12-13, the available energy 
in the system will be increased by an amount equal to the availability 
of the heat 

Increase m available energy of system = Qr«v — ToAs 
(from reversible addition of heat to system) 

* The same procedure, of course, can be used for nonflow processes (see Prob 36) 
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If work IS reversibly done by the system, the decrease in available 
energy is 

Decrease in available energy of system = — TTrev 
(from reversible transfer of work to surroundings) 

Adding these two terms gives the net change in available energy 

Change m available energy of system = Qr^v — Wr^v — ToAs 

But for any flow system, 

Q -W ^ Ah + AKE + APE 

and therefore 

Change m available energy of system = A^i — ToAs + AKE + APE 

(12-13a) 

A new property will be arbitrarily defined, it is called the availabthty 
function b 

b = h — T{iS and Ab Ah 7\As (12-14) 

And in terms of this function, for reversible or irreversible flow proc- 
esses, 

Change in available energy of system = Ab + AKE + APE (12-136) 

While, for the reversible process, the change m available energy of the 
system is reflected by a correspond- 
ing change in the available energy 
of the surroundings Thus, 

ar.v - Wrc. = Ah + AKE + APE 

(12-15) 

Note that Eq (12-15) does not specify 
the relairve amounts of work and availa- 
bility that can be delivered to or from 
the surroundings while the state of the Different processes for the 

system is changing, because an infinite same change in state 
number of paths are possible and therefore 

an infinite number of combinations of work and availability are possible This 
statement can be best illustrated by an example In Fig 12-14, suppose that in 
a reversible flow process (without change in kmetic or potential energies) the 
state changes from 1 to 3 (the fluid is not necessarily steam) The change m 
available energy of the flow stream would be 



A6i.3 “ A6i- 3 — ToASl.J 
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By path 1-2-^, the change in available energy is 

^2 ” h\ 


1- 2 Decrease m available energy 

(from transfer of work) 

2- 3 Increase m available energy 

(from transfer of heat) 
2-3 Decrease m available energy 
(from transfer of work) 
Net change in available energy 


Qxffv T o{St — Sj) 

(^3 — * hi) — Qrw 

{hz — hi) — * ro(®8 “ *i) 
■ A6i_8 


Or by path 1-4-3, the change m available energy is 


1—4 Increase m available energy 
(from transfer of heat) 
1-4 Decrease in available energy 
(from transfer of work) 
4-3 Decrease m available energy 
(from transfer of work) 
Net change in available energy 


” Qrgv — 5i) 

“ (h^ *— hi) — 

As — /l4 

“ {hi — hi) — Tq{8z — Si) 
- A6i.3 


Thus, the change in the availability function between states 1 and 3 shows the 
change m available eneigy of the system (the flow stream), but it does not 
show the relative transfers of work and availability, for these quantities depend 
on the reversible path selected for the process When the process is reversibly 
conducted, the net change in available energy of the system will be compensated 
by a correspondmg change in available energy of the surroundings 

Suppose the actual process is irreversible and adiabatic along path 1-5-3 
This path cannot be followed by a reversible and adiabatic process, but it can be 
followed by a reversible process if heat is added to the system 

/ 3 

Tds 

(from transfer of work to 
surroundmgs) 

rz 

1-5-3 Increase m available energy » Q^v — ToAs =* / Tda — To(s8 — Si) 

(from transfer of heat to 
system) 

Net change m available energy « AA — ToAs « (Ag — Ai) — ToCsg — «i) 

“ Abi-g 


Thus, if the process were reversible, the available energy transferred between 
system and surroundings in the forms of both work and heat would be, as before, 
a 6 Smce the real process is irreversible and adiabatic, only work is supplied to 
the surroundmgs of amount ~AA The loss of available energy, of course, is the 
algebraic sum of the changes m available energy for both system and surroundmgs 
Aiii.g + TTx-J. 

A Second Law efficiency of the process can be proposed in the same 
manner as for a cycle. The effectiveness of the process can be defined 
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8 = 


increase in available energy 
decrease m available energy] 


(12-16) 


Here the locations of the increase and decrease m available energies are 
not specified for reasons that will be apparent in the following exam- 
ples The algebraic sum of the numerator and the denominator of the 
fraction within the absolute value sign of Eq (12-16) represents, as 
before, the loss in available energy because of irreversibilities in the 
process, and this difference equals 

/ =* S changes in available energy — ^TqXAS (12-17) 


The Effectiveness of the Turbine Consider the adiabatic but irreversible process 
for a steam turbme illustrated in Fig 12-15 Saturated steam enters the turbine 
at state 1 and leaves at state 3, the entropy increases m this process because of the 



irreversibilities (Art 5-10) The work done by the system is found by the First 
Law equation 

Q ~ W ^ Ah and Q « 0 
-IF = /l3 - 

The decrease in available energy for the flow stream (the system) is found by the 
Second Law equation 

Ah ^ Ah - ToAs (12-14) 

{hi — /ii) — — Si) 


The only effects of this process are an mcrease m the available energy of the sur- 
roundings ( + TF) and a decrease m the available energy of the system (A6) There- 
fore, the effectiveness is equal to 


increase in available energy (of surroundmgs) 1 

decrease m availab 
TF| 

Ab| 

hi “ bj 

Le energy (of system) \ 

hi - hi - ToiSi - 8i)\ 


(12-16) 

(12-16a) 


The loss of available energy is equal to the algebraic sum of the numerator and 
denominator of the fraction withm the bars. 


I « Ab + IF =» Ab — Ah “ —TaAs 


(12-17a) 
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The engine efficiency Ls a more usual gauge of the performance of the turbine 




actual 


(12-2) 


Since the real turbine undergoes, essentially, an adiabatic process, 

h\ — hz 
^ hi — ^2 

Here the difference between numerator and denominator represents^ directly, 
work that was not obtamed because the process was irreversible To the practical 
man this difference is a loss in available energy, but to the theorist it is not an 
entire loss Por the fluid leaving the system of Fig 12-15 could bo cooled from 
state 3 to state 2, and the availability of the heat obtained from this cooling 
process would be 

Orevlp-^ ™ ^ hi hi ““ To(S2 

Then, if this heat were transferred to a reversible cycle, Mork could be done while 
the fluid was being restored to the state that would have been attained by a 
reversible expansion, state 2 The eiitiie work would be 

— TFi-3 — hs — hi 

— TF3-2]rev — h^ — hi — Tois^ ~ Sj) 

XW l~A-*2 ~ hi — hz — To(Ss — Si) 

which IS less than the isentropic work {hi — hi) b}^ the amount 

“7 oAS 2-3 ^ “ToASi^S 

and this amount is the loss m available energy predicted b> the availability func- 
tion Thus, it is agam demonstrated that — is the entire loss m available 

energy for the irreversible process However, and it must be emphasized, the 

usual turbine system cannot be readily adapted to serve as a heat reservoir for 
a hypothetical and reversible cycle, for this reason the engine efficiency is the 
preferred gauge of turbine performance 

The effectiveness of the turbine has a larger value than the engine efficiency 
because the system is credited with its potentialities to serve as a heat reservoir 
for a hypothetical engme As the terminal state of the fluid approaches To 
(Fig 12-15, as Pi approaches pa), the availability of any potential transfer of heat 
IS decreased and the effectiveness and engine efficiency approach the same value 
Example 9; Superheated steam at 400 psia and GOO F enters a turbine and 
emerges at a pressure of 50 psia and quality of 99 5 per cent Compute the engme 
efficiency, effectiveness, and the loss of available energy for the process (Atmos- 
pheric temperature is 60 F ) 

Solution * From the Steam Tables 


Pi = 400 psia = 600 F hi = 1306 9 « 1 5894 hi = 480 9 

With isentropic expansion to 50 psia (Mollier chart) 


p 2 =« 60 psia 


X ™ 0 945 hi [gen ““ 1122 


«2 = 1 5894 
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At the end state for the irreversible expansion 


- 60 psia X «= 0 995 hi ^ 1169 6 s, = 1 6522 h% - 310 9 


With these values, 


-W 

Ab 

Ahiaen 

Ve 




8 

8 

/ 

1 


Ah ^ hi - hi -- 1169 5 - 1306 9 TT « 137 4 
5, - 6i =* 310 9 - 480 9 = -170 0 Btu/lb„ 

1306 9 - 1122 = 184 9 Btu/lb„, 

W 

Ahitien 


Btu/lbm 


( 12 - 2 ) 


= 0 745, or 74 5 per cent Ans 


37 4 




(12-16a) 


Ah -\-W (12-17a) 

-170 0 + 137 4 = -32 6 Btu/lbm Ans 


The Effectiveness of the Pump The pump (or compressor) process is but the 
mverse process to that of a turbine Here work is supplied by the surroundmgs 
of amount 

Q -w ^ Ah e«o 

W = -Ah 


The flow stream (the system) in this instance experiences an increase in available 
energy, of amount, 

Ah — Ah — TisAs 


Since these are the only effects of the process, the effectiveness of the pump can 
be defined 


6 = 
8 = 


iiiuicjiiEji.- Ill uvuiiauit; t^iicigy syBLUiii; 

Idecrease in available energy (of surrounding 

I ^^1 _ 1 1 

\w\ 


(12-16) 

(12-166) 


The loss of available energy is found, as before, to be the algebraic sum of the 
numerator and denominator of the fraction within the bars 


I ^ Ab + W ^ Ah - Ah ^ -ToAs (12-176) 

When a liquid is pumped, the small change in entropy is difficult to evaluate 
accurately, for this reason the accuracy of the over-all computation becomes 
somewhat doubtful 

Example 10 Compute the effectiveness and irreversibilities present in the 
compression process of Example 2 

Solution : Examples 1 and 2 contain the followmg data 

ha « 348 5 «a = 0 6720 

In, == 471 6 Sfc » 0 6720 

hb' « 492 7 Sb' « 0 6944 

7fc “ 85 per cent 
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The effectiveness equals 


Ab 


— ha) - ToiSb' — Sa) 

-Ab 
144 2 

- 11 6| 

-{h,. - K) 

= 0 92, or 92 per cent 

-144 2 


Ans, 


The loss of available energy is 

7 = Ab - Ah 

7 « —11 6 Btu/lbm Ans. 

The Effectiveness of the Heater Consider the open heater of Fig 12-9a, in the 
irreversible process y Ibm of fluid, in passing from state % to state c, is decreased 
m available energy by the amount 

y{ht - 6 .) 


while (1 — y) Ibtn of fluid, m passing from state b to state c, is increased in available 
energy by the amount 

(1 - y)ibc - h) 

The effectiveness of the heat exchanger can be defined 


g ^ l increase m available energy (of a flow path) 
Idecrease in available energy (of a flow path) 
„ (1 ~ y)ihc - b,) \ 

“ 1 y{bc - bO 1 

The irreversibility of this mixmg process is 


(12-16) 

(12-16c) 


/ « y{bc - 6J + (1 - 2/) (be - bb) (12-17c) 

7 « SmAb = -ToSA5 (12-17d) 

The same procedure can be followed for the closed heater of Fig 12-9b Either 

the entire system of heater, pump, and mixing point can be analyzed as one unit, 

or else each component can be separately analyzed Thus, the effectiveness of 
the heater alone m Fig 12-9b is shown by Eq (12-16) to be 


. (1 - vHbi - h) 

“ 2/(b, - b*) 


or the effectiveness of the entire system of Fig 12-9b can be considered to be 


(1 - y)(bc - bb) 

(1 - y)(b. - h) 

[y{bc - 6.) + W,] 

y[(bt — bO -f (b, — hk)] 


(12-16d) 


Note that the mixing pomt is equivalent to a system like that in Fig 12-9a 
Example 11 : Determme the effectiveness and the loss of available energy m 
the heater of Example 6, and compare with the answer to Example 8 (Atmos- 
pheric temperature is 60 F ) 
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Solution: The data are obtained from Example 6:^ 


y ■■ 0495 1 — y 

^ B 28 19 Sb * 0 0555 

-0 805 
66 - 

-0 65 

A. - 241 96 

Sc - 0 4000 

be - 

34 07 

K - 1126 

8, = 1 6070 

6 . - 

290 85 


With these values, the effectiveness is found by Eq (12-1 6c) to be 

1(1 - y){hc - hb)\ _ ] 0 805(33 95 + 0 67) 1 I 28 0 I 
^ 1 yihc - b,) 1 lo 195(33 95 - 290 4)1 “ |-50ol 

“ 0 56, or 56 per cent Ans 

The loss in available energy is 

I = -50 0 + 28 0 » -22 0 Btu/Ib« Arts 

(which agrees with the answer found m Example 8 ) 

The Condenser Although the condenser is essentially a closed heater, such as 
that illustrated m Fig 12-96, its function is not to heat the circulatmg water but, 
rather, to mamtam the lowest possible temperature for the condensation of the 
fluid m the cycle. Since the coolant for the condenser can not be used for any 
useful purpose, the increase in available energy of the cooling water can he con- 
sidered to be zero (and, practically, the mcrease approaches zero because of the 
high rate of flow of coohng water through the condenser) Thus, the decrease 
in available energy of the steam m passing through the condenser is not partially 
compensated by an mcrease in available energy of the surroundings, and therefore 
the loss of available energy debited to the condenser can be considered to be 

I ™ S 772 A 6 ^ TtlAbcyda Buid (12-1 7c) 

(because A6 for the condenser coolmg water is zero) 

The loss of available energy m the condensation process arises, of course, 
because of the temperature difference between coolant water (To) and steam (Tr) 
The Reheater A steam reheater may be located in the furnace to reheat the 
steam before its final expansion takes place yi the low-pressure turbme The 
effectiveness of the reheater could be defined m terms of the decrease m available 
energy of the gases m the furnace and the mcrease m available energy of the fluid 
m the reheater But, m most mstances, the change in state of the combustion 
gases is imknown, and the mcrease m available energy of the fluid m the reheater 
from addition of heat is the object of mterest Unfortunately, this particular 
mcrease in available energy cannot be exactly found when the reheater contams a 
frictional process For example, steam may enter the reheater at a pressure of 
50 psi and emerge at a lower pressure of 40 psi. Although the net change m 
available energy is evaluated by A6, this evaluation is not equal to the mcrease 
m available energy from transfer of heat Rather, the change m A6 is equal to 
the decrease in A6 m the throttlmg operation, a loss in available energy, plus the 
mcrease in A6 from addition of heat Either this discrepancy can be ignored or 
the foUowmg expedient can be arbitrarily adopted. The reheater can be considered 

^Smce the Steam Tables are based upon an arbitrary datum, the value of 
the function 6 can have positive or negative values. 
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to contain two processes, a throttling process, followed by a constant-pressure 
heating process The increase m available energy from transfer of heat is found 
only for the latter process while the loss of available energy in the throttling process 
IB debited against the cycle. 

12-12. Second Law Analysis of the Power Plant. A Second Law 
analysis of a power system can be made by evaluating the changes in 
available energy and the irreversibilities that occur in each process 
A logical method of analysis would be to determine the following 
quantities : 

1, The decrease in available energy of the furnace, and, therefore, 
the availability of the heat supplied to the cycle (Example 5, 
Chap V) 

2. The increase in available energy of the system from transfer of 
heat (Eq 5-8ci) 

3 The loss of available energy between heat reservoir and system 
(Example 7) 

4, The loss of available energy for each element of the system 
a The turbine [Eq (12-1 7a)] 
h The pump(s) [Eq (12-176)] 

c. The heater(s) [Eq (12-17c) and, for heater, pump, and mix- 
ing point, algebraic sum of the numerator and denominator 
of Eq (12-16d)] 

d The condenser [Eq (12-17e)] 

5 The net work done by the power system 

The difference between (1) and (5) is the total of the irreversibilities 
(losses of available energy) that are present in the system of cycle and 
heat reservoir (but not including the combustion process) When the 
furnace is excluded from the analysis, the difference between (2) and 
(5) IS the total of the irreversibilities in the cycle alone. 

12-13. The Availability of the System. The availability of heat 
has been defined as the maximum work that can be obtained from 
transformation of heat into work by a reversible cycle (Art 5-8). 
Thus, the term has designated the part of a heat transfer that can be 
called available energy. This is a restricted definition that was adopted 
to clarify the steps in the analyses of problems. Most generally, 
availability is used as a synonym, not only for the available part of 
heat, but also for the total available energy of the system. Since a 
means can always be found for converting available energy into work, 
a broader definition of availability can be proposed 
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Availability is the maximum work that can be produced from the 
available energy of the system. 

In this transformation, the earth or its atmosphere^ may serve as a 
heat reservoir for the system 

In evaluating the availability of heat, the temperature of the 
atmosphere is the barrier that divides the energy in the system into 
two parts, available and unavailable energies Heat can be abstracted 
from a reservoir only to the stage where the temperature of the reser- 
voir becomes equal to the temperature of the atmosphere. In similar 
manner, the pressure of the atmosphere is the practical limiting barrier 
to the transformation of energy into work by expansion of the system ^ 
Then, the available energy of the system is measured by the amount of 
available energy that can be reversibly transferred to the surroundings 
while the state of the system is reduced to a dead state. The dead 
state is defined as one where all potentials of the system that could 
cause a change are in balance with those of the surroundings. Since 
the earth and its atmosphere are the ultimate surroundings (Art 4-1), 
the temperature and pressure of the atmosphere are the limiting factors 
for evaluating the available energy of the system ^ Of course, if jcmetic 
and potential energies are present, these forms of available energy can 
be independently evaluated 

The availability of a fluid in steady flow (the maximum work that 
can be obtained either directly or indirectly from the energy in the 
fluid) can be found from 

arev - Wr.. = A6 + AKE + APE (12-15) 

by specifying that the final state of the fluid is to be a phase that can 
exist in equilibrium with the atmosphere 

pfinal ” Po Tfinal “ To ^ 5o Tfinal “ 0 ~ 0 

( — ) Availability = Ctrev — H^rev = 6o + 2^ 

1 The term atmosphere implies the rivers and lakes as well as the air of the 
earth 

* Unless a lower pressure than atmospheric can be confined within the system 
(footnote, p 415), even then, a pump will be required to force the fluid to leave 
the system agamst the resistance of the atmosphere 

* This assumes that the fluid leavmg the system is stable and inert in the 
presence of the atmosphere (although chemical reactions may be present within 
the system). 
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(The negative sign is a necessary convention because availability is 
considered to be a positive quantity when work can be done by the 
system ) If all transfers of heat are restricted to the temperature To, 
the maximum work can be obtained without resorting to a reversible 
engine for the conversion of heat into work* 

Availability = Tfr*vjg.tTo = {hi + ^ (12-18b) 

The availability and, also, Eqs (12-18a) and (12-l8b) can be visualized by 
means of Fig 12-16 Here the problem is to evaluate the availability of saturated 
steam in steady flow at a pressure of 1000 psia when the atmospheric pressure is 
14 7 psia and atmospheric temperature is 60 F The fluid leaving the system is 
to be in equilibrium with the atmosphere, therefore, the phase at exit (state 5) 


Serhfrafeet steam 




Fig 12-16 The availability of a flow stream (surroundings at * 60 F, po «■ 14 7 psia) 

must be liquid (since H2O cannot exist as steam at atmospheric pressure and 
temperature) Then, either Eq (12-18a) or (12-186) can be solved with values 
for states 1 and 5 for saturated steam and eubcooled water, respectively, selected 
from the Steam Tables ^ The net work, evaluated by Lq (12-185), can be 
obtained from this system in the following processes Isentropic expansion from 
state 1 to 3, condensation from state 3 to state 4, isothermal compression from 
state 4 (pressure less than atmospheric) to state 6 (pressure atmospheric) Note 
that the availability of the fluid at states between 4 and 3 at T'o is a negative 
quantity (whether or not the function 5 is positive or negative), since the pressure 
18 lees than atmospheric. Because of this negative availability, work must be 
Bupphed to the system (process 4r”5) to restore the fluid to the dead-state pressure po. 
If another path than l-3-4r-6 is selected, the work done by the system will be 
changed in value, but the net sum of the work and the available part of the heat 
transfer will be constant and equal to the availability of the steam in its initial 
state Thus, work could be obtained by expandmg from state 1 to 2 (atmosphenc 
pressure), and then heat could be transferred to a reversible cycle while the system 
was cooled from state 2 to 7 to state 5, The work done by the system plus the 
work done by the reversible cycle will equal, as before, the mitial availabihty of 
the steam (Eq 12-18a) 

^ The algebraic sign of the availability function b will be affected, of course, by 
tlie datum state arbitrarily selected by the maker of the Steam Tables 
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It is also possible for the fluid to be at a temperature less than To although the 
available energy (the availability) is not zero Consider Fig 12-17 The tem- 
perature of the fluid at state 3 is less than To, and 
the pressure is po, but the availability is greater 
than zero That this statement is true can be 
shown by borrowing work from the surroundings 
to compress isentropically the fluid from state 3 
to 1 The fluid at state 1 can be isothermally 
expanded to the dead state 2^ and the work ob- 
tamed from this process can be used, in part, to 
repay the loan of work that was required for 
process 3-1 The work remammg is equal m 
amount to the availabihty of the fluid m state 3. 

(Note that the heat transferred from the surround- 
ings in process 1-2 did not decrease the available 



Fig 12-17 
system at a 
than To 


Availability of a 
tempierature leas 


energy^ of the surroundmgs because the transfer occurred at a temperature of To ) 


Problems 

The followmg items may also be specified by the teacher m the solution of the 
problems 


a Thermal efficiency 
h Heat a4ded 
c Heat rejected 
d Turbme work 
e Pump work 
/ Work ratio 

g Error arismg by neglecting pump 
work 

h Ts diagram to illustrate heat 
transfers 
t pv diagram 


j hs diagram 

k Heat rate for cycle (kwhr) 

I Heat rate for cycle (hp-hr) 
m Station heat rate (kwhr) 

(Assume 10;000 Btu lbw“' coal and 
furnace efficiency of 85 per cent) 
n Steam rate (kwhr) 

0 Steam rate (hp-hr) 
p MoUier chart not permitted for 
solution 

q Neglect pump work 


Unless other information is given in the problem, the tenjperature (To) and 
pressure (po) of the atmosphere can be assumed to be 60 F and 14 7 psia 

1. Determme the thermal efficiency, the work of each process, and the work 
ratio for a Carnot cycle that uses steam as the working fluid in a series of flow 
processes The condition of the steam at the start of the isothermal addition of 
heat IS 600 psia and 90 per cent moisture, at the end of the heatmg process the 
state of the steam is 600 psia and 5 per cent moisture The heat-rejection process 
18 at a pressure of 1 m Hg Repeat the problem, assummg that each process is 
nonflow with the fluid being confined m a cylinder by a piston 

2. Assume that upon test of the cycle of Prob 1 the compression and expan- 
sion efficiencies are each found to be 75 per cent, and both processes are adiabatic 
Compute the thermal efficiency and the work ratio 

8 . A Hankine cycle is supplied with saturated steam at 400 psia, and the 
pressure in the condenser is 1 m Hg Determme the thermal efficiency, work of 

^ Of course, the positive availability of the fluid in state 3 arises from the work 
that was added in some earlier process to refrigerate the fluid 
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each flow process, heat rejected, and the work ratio Repeat the problem, assum- 
ing that the processes are all nonflow 

4 . Assume that, upon test of the cycle of Prob 3, the compression and expan- 
sion efficiencies are each found to be 75 per cent, and both processes are adiabatic 
Compute the thermal efficiency and the work ratio 

6 . A Rankme cycle is supphed with superheated steam at 400 psia and 700 F, 
and the pressure m the condenser is 1 in Hg Determme the thermal efficiency, 
heat rejected, and the work ratio 

6. Upon test of the cycle of Prob 5, the compression and expansion efficiencies 
are found to be 75 per cent, and both processes are adiabatic Compute the 
thermal efficiency and the work ratio 

7 . Repeat Prob 6, usmg the method of analysis demonstrated m Art 12-3 

8 The nozzles m the turbine of Prob 5 pass 20,000 Ibm hr*"^ of steam Com- 
pute the horsepower of the turbme and the quantity of cooling water demanded 
by the condenser if the temperature rise of the coolant is 10 F 

9 Upon test of the cycle m Prob 5, the turbme steam rate is found to be 

0 5 lb„ kwhr"^ Determme, for the actual cycle, the thermal efficiency and the 
engme efficiency, if the compression efficiency is 60 per cent (The work processes 
are adiabatic ) 

10 The Rankme cycle of Prob 5 is converted mto a reheat cycle The steam 
is reheated at constant pressure from an initial state of 10 per cent moisture to 
700 F Determine the thermal efficiency and the heat rejected for the cycle 

11 Repeat Prob 10 but for the data of Prob 6 

12 . Steam at 1,200 psia and 800 F enters a high-pressure turbme and adiabati- 
cally expands with engine efficiency of 85 per cent to a state of 5 per cent moisture 
The steam is then reheated to 600 F but with pressure drop of 10 psia before it 
enters the low-pressure turbine where the engine efficiency is 82 per cent for the 
adiabatic expansion Determme the thermal efficiency of the cycle if the com- 
pression efficiency of the adiabatic water pump is 60 per cent and the condenser 
vacuum is 28 93 m Hg 

13 The cycle of Prob 6 is governed by throtthng, and at part load the steam 
enters the turbme nozzles at a pressure of 300 psia Compute the thermal effi- 
ciency, and draw the Ts diagram for this cycle 

14 Repeat Prob 9, assummg that the steam rate mcludes a generator effi- 
ciency of 85 per cent 

16 . A regenerative cycle operates between limits of 1200 psia, 1000 F, and 

1 in Hg Compute the thermal efficiency if one heater is used, of the type shown 
m Fig 12-9a, at the optimum extraction pressure Engme efficiency of turbine 
and compression efficiency of pumps are each 100 per cent 

16 . For the data of Prob 15 vary the extraction pressure between limits of 
1 m Hg and 1,200 psia, and construct a curve showmg the relationship between 
thermal efficiency and extraction pressure 

17 . Repeat Prob 15 for two heaters 

16 . Repeat Prob 15 for three heaters 

19 . Repeat Prob 15, assummg that the engme efficiency is 85 per cent up 
to the extraction pomt and 82 per cent for the entire expansion (Pump efficiency 
18 unchanged ) 

20. Repeat Prob 15, assummg that the engme efficiency of the regenerative 
turbme is 82 per cent 
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21. Kepeat IVob 15, but also assuuie the steam is reheated to the initial 
temperature at the extraction pressure (Extracted steam is not to be reheated ) 

22. A reheat-regenerative cycle has two extraction heaters similar to Fig 12-9& 
For the real system termmal differences and throtthng exist Draw a Ts diagram 
showmg throttling and temperature drop from superheater to high-pressure 
turbine, irreversible expansion m high-pressure turbine, pressure drop in reheater, 
pressure and temperature drop from reheater to low-pressure turbine, and irre- 
versible expansion m low-pressure turbme All pumps are irreversible Label 
reasons (causes) on the diagram for all irreversibihties 

23. Top the regenerative cycle of Example 6 with a reversible mercury cycle 
that operates between limits of 180 psia (saturated) and 2 psia (Compute the 
thermal efficiency for the bmary cycle and for each cycle considered alone 

24. Top the Rankme cycle of Prob 6 with a mercury cycle that operates 
between limits of 180 psia (saturated) and 1 psia The compression and engme 
efficiencies are 75 per cent m both cycles, and all work processes are adiabatic 
Compute the thermal efficiencies for the binary cycle and for each cycle con- 
sidered alone 

25 Repeat Prob 23 but for the data of Example 3, and compare the answer 
to that of Prob 23 Explain thoroughly all aspects of this problem that are 
revealed by the answers 

26 Determme the effectiveness of the cycle m Prob 4 based upon the availa- 
bility of the heat leaving the heat reservoir (Use data of Example 5, -Chap. V ) 
Locate the irreversibilities 

In following problems the heat reservoir will be ignored and only internal 
irreversibilities of the cycle will be considered 

27. Determine the effectiveness of the cycle in Prob 4 and the nature and 
total amount of irreversibilities 

28. Determine the effectiveness of the cycle and of each turbme m Prob 12, 
and evaluate each irreversibility in the cycle 

29 Determine the effectiveness of cycle and turbme in Prob. 13, and evaluate 
each irreversibility in the cycle 

30. (Compute the effectiveness of the cycle, and of the tvubmes and heater, 
for the data of Prob 19, and evaluate each irreversibihty m the cycle 

31. (Compute the effectiveness of the bmary cycle, and of the turbines and 
heater, for the data of Prob 24, and evaluate each irreversibility m the system 

32. A Rankme cycle is supplied with saturated steam at 400 psia whil^ the 
condenser temperature is 60 F It is proposed to convert this cycle mto a regener- 
ative cycle The cycle is to have one open heater with the extraction point at 
the initial state of the steam, 400 psia (saturated) Heat is added only to vaporize 
the saturated water entering the boiler at constant temperature and pressure 
Calculate the thermal efficiency and effectiveness for the cycle before and after 
the change, and the irreversibility of the mixmg What was gamed and what 
was lost m the conversion if it is assumed that different heat reservoirs can be 
found for each cycle so that transfer of heat is reversible ? 

33. A Rankme cycle is to be performed by 1 Ibm H 2 O confined m a cylmder by 
a piston The limits of the cycle are 400 psia (saturated) to 1 psia Determine 
the volume change and heat added for each process m the cycle 
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84 . Determine the availabibty of 1 Ibm air in steady flow at states 1, 2^ and 3 
of Fig 12-17 if the temperature at state 3 is 400 H. (Assume that changes m 
kmetic and potential energies are neghgible.) 

86 . Derive an equation for the availability of a nonflow system, (Follow 
the same procedure as in Art, 12-11 except that 

Q ^ W » 

and the net work (the availability) transferred to the surroundmge differs from the 
gross work by the amount poAy ) Note that the decrease m available energy from 
transfer of work equals 

— + poAw 

86. A simple steam cycle operates between 400 psia and 600 F to 1 m Hg 
with engme efihciency of the turbme of 0 80 Compute the effectiveness of the 
cycle if the boiler feed pump is reversible (The ideal cycle for this system is the 
Rankme cycle ) 

87 . Compute the amount of irreversibility for the condenser of Prob 36. 

38. A turbine receives steam at 400 psia and 600 F and exhausts at 60 psia 
The irreversibility for this adiabatic process is 34 Btu lb“\ Compute the effec- 
tiveness and engme efficiency for the turbme 

39 . Saturated steam at 100 psia is throttled m a valve to a pressure of 20 psia 
Compute the loss of available energy 


Symbols 

a availability of heat 

6 availability function 6 “ A — Toff 

c heat capacity 

C constant 

6 effectiveness 

F degrees Fahrenheit 

h specific enthalpy 

HP high pressure 

hp-hr horsepower hour 

7 irreversibilities 

J Joules equivalent 

KE kinetic energy 

kwhr kilowatthour 

LP low pressure 

m mass, also, mass flow rate 

p pressure 

PE potential energy 

r ratio 

R degrees Rankme 

« specific entropy 

S entropy 

( thermodynamic temjierature 

T absolute thermod 3 aiamic temperature 

u specific mternal energy 



POWER CYCLES^-VAPOR 


449 


V velocity, also, volume 

V specific volume 

Q heat 

W work 

X quality 

y ratio of extracted steam to total steam flow 

z height; also, ratio of mass flow rate of mercury to that of steam m the 

binary cycle 

1 1 absolute value sign 

» approaches equality 

Greek Letters 

A (delta) difference 

ijt (eta) thermal efficiency 

rjc (eta) compression efficiency 

17 , (eta) expansion (engine) efficiency 

Z (sigma) summation 

Subscripts 

A added 

act actual 

c compression (efficiency) 

e engme or expansion (efficiency) 

/ saturated liquid 

fg difference between saturated liquid and saturated vapor 

isen isen tropic 

p pressure 

R rejected 

rev reversible 

t thermal (efficiency) 

W work 

0 atmospheric conditions 

Suggested References 

1 Keenan, J H '‘Thermodynamics,^' Chaps XII and XVII, John Wiley & 
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2 Keenan, J. H A Steam Chart for Second-Law Analysis, Mech Eng , 54 
(No 3), 19&-204 (March, 1932) 

3 Darrietjs, G * The Rational Definition of Steam Turbine Efficiencies, Bngt-- 
neenng, IBO (No 3373), 28^285 (Sept 5, 1930) 

4 Weber, H. C • "Thermodynamics for Chemical Engmeers," Chap X, John 
Wiley & Sons, Inc , New York, 1939 
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CHAPTER XIII 
POWER CYCLES— GAS 


For the production of power m amounts of 50,000 and 100,000 kw, 
the large central station with a vapor (steam) cycle is the universal 
system When the power requirements are small (less than 10,000 
kw) or when light weight is demanded or variable-speed operation is 
required, the internal-combustion engme is the preferred source of 
power However, development work now in progress on gas turbmes 
forecasts that this form of prime mover may well prove to be an active 
competitor of both steam and the mtemal-combustion engme. 

13-1. Thermodynamic Relationships for Processes and Cycles. 
It may prove helpful to summarize here the equations that will be 
used throughout this chapter The First Law equations^ are valid for 
either reversible or irreversible processes: 


Q - IF = Awjnooflaw (3-7c) 

Q - T7 = (3-136) 


Most engineering processes do not involve combinations of both work 
and heat For these processes 


and 


Q 


Au 


oonflow 


Q = AM.O, 

Jit— 0 


W = -Aul 

Jo-o 


W = 



tUnr 

0-0 


The perfect-gas relationships will simplify the presentation in later 
articles: 


Aw == J CvdT 
Ah ^ j CpdT 



Piv{* = p2Vi^ = C 



(7-7) 

(7-8) 

( 8 - 10 , 8 - 11 ) 

(8-9) 


^ The same assumption is made as m Chap XU* insigmficant change occurs 
in kinetic or potential energy at the boundary (end points) for each process. 
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And for isothermal processes of a perfect gas, the change m internal 
energy and enthalpy is zero; therefore, for flow or nonflow processes, 

Q = W]t 

If the isothermal flow or nonflow process is reversible, 


= BTln-* (8-76) 

while for other reversible nonflow processes of a perfect gas 

. ESS-^.] = 

^ J nonflow 1 ^ J nonflow 

The work of the reversible flow process is n times the values in Eq. 
(8-12) The transfer of heat for any fluid is evaluated by 

Qrev = f TdS (5-5) 

Qrev = j CdT (4-5) 

The work of the cycle (for any fluid) is 

SIT = Qa + Qb 

SIT = fiiQA 

and, also, 

SIT = IT process 1 + ITprooees 2 + * * * 


The thermal efficiency is 

SIT 

t;, = -g- (3-20) 

13-2. Definitions. Only flow processes appeared m the cycles 
discussed in Chap XII, while here emphasis will be mainly on cycles 
made up of nonflow processes In these cycles the process efficiencies 
for expansion and compression will be defined by the same equations as 
before (Art 12-1) But the nonflow processes will be executed in a 
system contained by a piston and cylinder, and the positive and nega- 
tive work quantities cannot, in the real machine, be readily separated 
For this reason the work ratio is not used, but, instead, a new param- 
eter of performance is introduced — the mean effective pressure^ 
(abbreviated mep) The mep, like the work ratio, is an index that 
relates the size of the equipment to the work output It is equal to 


1 See Arts 4-5 and 8-9c 



POWER CYCLES-VAS 


465 


the net work divided by the maximum change m volume of the system 
during one complete cycle: 

= V _ TT ' (13-la) 

r mw-K V Dun_|o} 

With W in ft lb/ and V in ft®, the dimension for mep is that of pressure, 
lb/ ft“2. The denominator of Eq (13-lo) is the volume swept by the 
piston m either its outward or inward travel, and therefore this volume 
IS called the 'piston displacement {V x>) Then the mep can be imagined 
to be a constant pressure which, by acting on a piston throughout one 
displacement, can deliver the net work of the cycle 


SW 

mep = -^ 


(13-16) 


The mep can be either the indicated mean effective pressure (imep) 
or the brake mean effective pressure (bmep) The imep is found by 
measuring the indicated work done by the fluid in one cycle and divid- 
ing this quantity by the piston displacement The bmep is found by 
measuring the brake work delivered by the machine (which is less than 
the indicated work because of the presence of friction) and dividing 
by the piston displacement 

One objective of the engineer is to use cycles that have high thermal 
efiiciencies and also high mean effective pressures A high thermal 
efficiency^ is a factor contributing to low cost of operation while a high 
mep is a factor contributing toward a smaller size engine and therefore 
a lower initial cost 

The expansion ratio of the cycle is a volume ratio 

Tv = ’ (13-2a) 

r nun Jcy 

but this IS also the compresston ratio since the piston will retrace its 
steps in completing the cycle These ratios are also applied to an 
individual process in the cycle. 

Tv = ^1 (13-26) 

V mm J process 


^ But an engine with high thermal efficiency may also demand a specialized 
and costly fuel, and power might be more cheaply obtained by using a cycle with 
lower efficiency and cheaper fuel A low mep can also be circumvented by 
operatmg the cycle at high speed (if this is possible) smce power is but the tune 
rate of doing work 
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The pressure ratio, like the expansion or compression ratio, will be, 
in this chapter, a number always greater than unity: 


PxDAX 

fp = 

Pvoia J process or cycle 


(13-3) 


13-3. The Carnot Cycle (1824), The changes in state of a gas, in 
passmg through the processes of a Carnot cycle, are illustrated in Fig. 
13-1. Comparison of Fig. 13-1 with Fig. 12-2 shows that the Ts dia- 
gram is the same for either gas or vapor but that the pv diagrams differ. 
The difference is that the isothermal processes for a gas are not con- 
stant-pressure processes, for this reason, no simplification is possible 
by using flow processes for the cycle But a cycle of nonflow processes 
has the advantage of compactness; for this reason the performance of 
such a cycle will be investigated 




(a) (6) 

Fig 13-1 The Carnot cycle (a) For any fluid (6) For a gas 

Consider a perfect gas to be the working fluid for a Carnot cycle that 
contains only nonflow processes To this cycle, illustrated in Fig 
13-1, the relationships of Art. 13-1 can be applied- 


Qatot — “ RTa In — = TA^Sbe 

Vb 

Qurtv = ^da == RT R lu ^ = T rAs da 

Vd 

Therefore, since Asbc = —Asda 

^ 

Vb Va 


2W = Qa + Qr 

X Wr„ = RiT^ ~ T„) In 

Vb 

_ XW R(Ta - Tb) In (V,/Vi) _Ta-T^ 
Qa ~ In (VeM) Ta 


and 
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The mean effective pressure is equal to 


mep = 


ZPF _ R{Ta - Tn) In {vjv^) 


V max V min 


Vd — Vb 


(13A) 


The thermal eflSciency can also be expressed in terms of the isen- 
tropic compression (or expansion) ratio (but not the over-all com- 
pression ratio) : 


Vt 


Ta - Tn 


= 1 


L- 

Tb 


Substituting Eqs. (8-10) and (13-26), 


’I* = 1 - pn 

•V 


(13-5) 


where Vv — isentropic compression (or expansion) ratio = — = — 

Vb Vc 


Example 1 : A Carnot cycle, using air as the working fluid, operates between 
temperatures of 80 and 780 F The pressure at the start of isothermal com- 
pression 18 14 7 psia, and 195 Btu of heat are added to the cycle per pound mass 
of air Determme the thermal efficiency, net work, compression ratio, and imep 
for the cycle 

Solution : The thermal efficiency is 


Vt 



780 - 80 
780 + 469 7 


0 665, or 56 5 per cent 


Ans. 


The net work is 


XW *■ TjiQA = 0 565(195) « 110 Btu/lbw air Ans, 


The volumes at states abed will next be found: 
State d 

pi “ 14 7 psia 80 F 


State a 


ta - 

SOF 

Qr 


-(195 

- 110) 

State h 



tb - 

780 F 

n 

Ta 

State c 



We _ 



Vb 

Va 



RTa In - 
Vd 


1 986 
29 


(540) In 


Vd 



_ iZT _ 10 73(540) 
V 29(14 7) 
13 6 ftVlbm 


(from state dio a) 
*= 1 36 ft2/lb« 


% 0 170 ftVlb* 


tFc *- 1 70 ft*/lb, 
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With these values the cycle compression or expansion ratio is 


rr 


Fnmi 13 6 ^ 

Fmia 0 170 


Am 


The isothermal expansion or compression ratio is 


rv 


V e or d 1 70 ^ _ 

VT^a “ 0 170 “ 


The isentropic expansion or compression ratio is 


rv 


The imep is 

“ 144(13 6 - 0 IW 


2TF 


Y a or d 1 36 
VtOTc “ oTto 

110(778) 


= 8 


41 5 lb//in 2 ^715 


The imep of a modern engme is over 100 lb m , therefore, the above value of 
41 6 lb in 18 quite low Moreover, the pressures m this Carnot cycle are quite 
high because of the extremely high compression ratio 


paVa = pdVd 

Pa = Pd 

pbVh = PaV^ 

pb = Pa 

pcVc ~ pb^b 

Pc = Pb 


(S) “ 

(l°y = 2,720 psia 
© = 272 psia 


When the Carnot cycle includes a vapor and flow processes, it 
becomes a practical cycle for power generation although other cycles 
are more desirable (Chap XII) But the Carnot cycle for a gas and 
nonflow processes is quite impractical because heat must be transferred, 
to and from the working fluid, through the walls of the engine Such 
a method of heat transfer limits the operation of the engme to extremely 
slow speeds Moreover, the metal surfaces of the engine must attain 
and exceed the highest temperature of the cycle if heat is to be trans- 
ferred at a finite rate through the walls to the working fluid, therefore, 
the maximum temperature of the cycle would be limited by metallurgi- 
cal, if not also by lubrication, problems 

13-4. The Combustion Engine. The practical method for copying 
the processes of the nonflow cycle is to burn a fuel internally within 
the engine and so dispense with the necessity for a heat-transfer 
process The temperature attained m the internal-combustion process 
can be extremely high, far above the melting temperatures of metals, 
because succeeding processes, which are at lower temperatures, will 
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coop the parts of the engine In 1893, Dr Rudolph Diesel tried to 
simulate the Carnot cycle by gradually injecting a fuel during the 
expansion stroke (5c Fig 13-1) He reasoned that fuel introduced at 
this point of the cycle should spontaneously ignite since the air had 
been compressed to a high temperature Then, as the piston descended 
on the working stroke and the temperature tended to fall, fuel could be 
continuously injected and burned at a rate such that the process would 
be isothermal The other processes of the Carnot cycle would then 
follow m the usual order Dr Diesel soon found that isothermal 
expansion and isothermal compression could not be accomplished^ and 


SURROUNOiNGS 

^atmosphere) 



Fio 13-2 Thermodynamic system for the internal combustion engine, 
that the high pressures that would result from the double compression, 
isothermal followed by isentropic compression, were undesirable 

Moreover, the attainment of the Carnot processes is neither neces- 
sary nor desirable in an internal-combustion engine Consider that 
this engine does not involve a cycle, but, rather, the over-all system is 
a process Thus, in Fig 13-2, air and fuel enter while the products of 
combustion leave the system, the maximum work for a system similar 
to this was evaluated m Art 11-15 and found to be equal to the free- 
energy change of the flow stream The internal-combustion engine 
would deliver this maximum amount of work, without regard for the 
Carnot processes, if the processes selected for the engine were all 
reversible No practical means are known of conducting the com- 
bustion^ process in a reversible manner 

A theoretical means, however, can be imagined Consider that the combustion 
process at equilibrium contains both mixture^ and products in definite proportions 

^ A stagnant layer of fluid surrounds the working fluid at all times, and there- 
fore a high temperature gradient exists between the walls and the fluid, too, the 
metal surfaces are externally cooled by water or air 

* It IS mteresting to note that the isothermal compression was to be attained 
by mjectmg water into the working fluid 

® But, m the storage battery, a chemical reaction could be conducted in essen- 
tially a reversible manner 

^ The fuel must be a simple substance such as gaseous carbon and not a complex 
compound 
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and in amounts predicted by the equilibrium constant Vfhen the temperature 
of the equilibrium mixture is raised, the equilibrium shifts and the degree of 
completion of the reaction diminishes, therefore, a state will exist at an extremely 
high temperature where the mixture can exist in equilibrium with an infinitesimally 
small proportion of products A theoretical manner for conductmg a reversible 
combustion process is now apparent The mixture can be isentropically com- 
pressed to the high temperature where essentially no reaction occurs (It is 
assumed that the speed of the compression process is extremely swift, and there- 
fore reaction does not begm during the compression, or else a negative catalyst is 
present ) Then, the mixture can be slowly and isentropically expanded, as the 
temperature falls, reaction reversibly occurs, and at each temperature level of the 
expansion a greater and greater amount of products will be formed In this 
sequence of processes (at constant^ entropy) chemical reaction can be conceived 
to be reversibly executed although, of course, not at constant temperature 

The isentropic expansion can be continued until the products reach a tem- 
perature® equal to that of the original mixture (and this is the temperature of 
the atmosphere) But, because of the change in volume that may accompany 
chemical reaction, the pressure of the products may be greater, equal, or less 
than the mitial pressure of the mixture (which is also the pressure of the atmos- 
phere) , if the pressure is greater, the products can be isothermally expanded while 
heat IS reversibly sup'plied by the atmosphere, if the pressure is less, the products 
can be isotherinally compressed while heat is reversibly rejected to the atmosphere. 
In the isothermal heat-transfer process, the entropy of the system will be either 
mcreased or decreased depending upon the direction ^ of the flow of heat 

The work of the system for the senes of processes will be that obtamed m the 
isentropic expansion (reaction) process plus (or minus) that work obtained (or 
added) m the isothermal process and minus that work originally supplied for the 
isentropic compression process The net work obtained (that is, work other than 
to push aside the atmosphere) must be equal m amount to the decrease m free 
energy [Eq (11-15)J 

Although the processes of a reversible internal-combustion engine 
bear no resemblance to the processes of the Carnot cycle, the same 
conclusions are evident for either system For the highest thermal 
efficiency f the combustion engine and the thermodynamic cycle must 
operate between the highest and lowest temperature that can be attained. 
In a cycle, heat should be added at the highest possible temperature; 
m an internal-combustion engine, combustion should begin at the 
highest possible temperature, for then the irreversibility of the chemical 
reaction is reduced Moreover, in both the cycle and the combustion 
engine, expansion should proceed to the lowest possible temperature 
in order to obtain the maximum amount of work. Because of these 

® The entropy is constant because both processes are reversible and adiabatic 

* Or a reversible path can be devised after expanding to the mixture pressure 
(which is the pressure of the atmosphere) 

* The direction of the heat transfer can be predicted by comparing the entropy 
of the mixture to that of the products See Table XIII (Appendix) and Art 11-15 
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similarities, the intemal-combustion engine can be analyzed as if it 
were a cycle by assuming that the combustion process is equivalent 
to a transfer of heat and that no change m composition is undergone 
by the fluid. Such an analysis, of course, will not be exact, but certain 
fundamental relationships can be simply obtained that are of real 
interest (Arts 13-6 to 13-11) 




Fia 13-3 The sequence of operations for the spark-ignition (SI) engine (a) Intake 
stroke (6) Compression stroke (c) Expansion stroke {d) Exhaust stroke. 

13-6. The Otto Engme (1862-1876). In 1862 Beau de Rochas 
proposed for the internal-combustion engme a sequence of operations 
that IS, even today, typical of most spark-ignition engines. 

1 An intake stroke to draw a combustible mixture into the cylinder 
of the engme (Fig 13-3o) , 

2 A compression stroke to raise the temperature of the mixture 
(Fig 13-36), 

3 Ignition and combustion of the mixture at the end of the com- 
pression stroke with the consequent liberation of energy raising 
the~temperature and pressure of the gases as the piston descends 
downward on the expansion or power stroke (Fig 13-3c) , 

4 An exhaust stroke to sweep the cyhnder free of the burned gases 
(Fig 13-3d). 

In 1876, Otto, a German engineer, using the principles of Beau de 
Rochas, built an engme that became highly successful, and the name 
of the cycle of events gradually became known as the Otto cycle 

The pressures expenenced in the spark-ignition (abbreviated SI) 
engine at full load (at wide-open throttle) are shown in Fig 13-4u. 
Dunng the intake stroke the pressure in the cylinder is closely atmos- 
pheric, being less only because of fluid friction. On the followmg 
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stroke, the mixture of gasolme vapor and air is compressed to the 
highest temperature that can be attained without spontaneous ignition 
of the mixture (Compression ratios of 6 to 8 are usual ) A spark 
then Ignites the mixture, which rapidly bums while the piston comes to 
rest at the top dead-center position of the crank mechanism During 
this period of little movement of the piston, combustion of the mixture 
takes place at essentially constant volume (as proposed by de Rochas) * 
The increase in temperature from burning the fuel causes the pressure 
to increase, and thus high pressures are available to drive the piston 
downward on the power stroke. Although, if the greatest amount of 




(a) (b) 

Fio 13-4 Pressure-volume (pV) diagrams for the spark-ignition (SI) engine 

work is to be obtained, expansion should proceed to atmospheric 
pressure, such a complete expansion would require a higher expansion 
ratio than compression ratio Too, the size of the engine would be 
large For these reasons, the exhaust valve is opened before the end 
of the expansion stroke to allow the pressure to drop to atmospheric 
before the exhaust stroke is begun The exhaust stroke then purges 
the remaining gas from the cylinder with the exception of the small 
amount contained within the clearance space (combustion chamber) 

In the SI engine, a spark can ignite only a combustible mixture. 
A fairly definite relationship of fuel and air (approximately 12 to 16 
parts of ail to 1 part of fuel by mass) must therefore be present in all 
parts of the chamber at all loads if a flame is to travel through the 

^ De Rochas also suggested that the spark plug would be unnecessary because 
the fuel-air mixture would spontaneously ignite at the end of the compression 
stroke 
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mixture The turning effort applied to the crankshaft depends on the 
mass of mixture burned m the cylinder, and this effort is controlled by 
restricting the amount of mixture (but not primarily the air-fuel ratio) 
entering the cylinder on the intake stroke This load control is accom- 
plished by using a valve, called the throttle, to obstruct the passageway 
that leads to the cylinder On the intake stroke, if the throttle is not 
open, the pressure in the cylinder is reduced below atmospheric, and 
a reduced mass of mixture will enter the cylinder with correspondingly 
lower compression pressures and combustion pressures (Fig 13-46) 
Note that the work obtained from the partially loaded engine is 
reduced, not only because less fuel (and air) is inducted than at full 
load, but also because the negative work of the engine cycle is increased 
The negative work area of Fig 13-46 is a result of the wasteful throt- 
tling process that is used as the method of governing 



Fiq 13-5 Detonation in the SI engine 


Although combustion of the fuel should take place at the highest 
possible temperature, the Otto cycle is restricted to relatively low com- 
pression ratios The reason for this can be understood by studying 
Fig 13-5 After passage of the ignition sp^rk, a flame sweeps out from 
the spark plug and transforms the mixture into products of combustion 
The energy released will be proportional to the mass of charge burned, 
and this release can be accomplished m an orderly manner by properly 
controlling the speed of the flame As the flame progresses across the 
chamber, the unbumed mixture is compressed, and its temperature 
therefore increases If the temperature should reach a certain critical 
value, the unburned mixture will ignite, as at a in Fig. 13-5, without 
depending on the advancing flame There will then result an energy 
release suflBcient to produce a momentary high and localized pressure 
that causes an audible “knock to be heard The knock, or detonation, 
is caused by the almost instantaneous explosion of a part of the mix- 
ture The resulting impact on the engine structure may cause failure, 
for this reason the compression ratio of the Otto engine must be kept at 
a low value (or else expensive fuels, which can resist compression 
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Ignition, are required). In other words, combustion of the fuel in the 
Otto engine must be fast but not explosive because no mechanical 
structure can long resist impact 

13-^* Actual and Air-standard Processes. The actual process in 
an engine is complicated by many variables, among which should be 
mentioned the following: (a) The fuel-air ratio may not be constant, 
(b) the characteristics of the available fuels are variable; (c) the compo- 
sition of the fuel-air mixture changes as combustion takes place; (d) 
the heat-capacity values of the operating medium vary greatly with 
temperature changes; (e) dissociation of the gases taking part in com- 
bustion influences maximum temperatures and alters the character 
of the expansion curve; (/) heat transfers actually occur during each 




(a) (fc) 

Fio 13-6 Air standard Otto cycle 

process; (g) the burned clearance gases dilute the fresh charge, and 
(h) there is throttling of the charge during induction and exhaust 
Despite these factors, a simplified analysis of a hypothetical cycle 
can be used advantageously to show the effect of changing operating 
conditions, to indicate maximum performance, and to furnish a basis 
for making approximations that more closely bring the cycle to actual 
conditions The hypothetical cycle presupposes that air alone is the 
working fluid ; hence, it is known as the air-standard cycle Heat, it is 
assumed, can be directly supplied to or rejected from the cycle and, to 
simphfy the analysis further, loss of heat is ignored while the heat 
capacity of the fluid is usually considered to be constant. Naturally, 
the resulting cycle is far removed from the actual case, but the factors 
affecting the performance or the efliciency are essentially the same for 
both the actual engine and this theoretical cycle 

More exact analyses are reserved for more specialized textbooks ^ 
13-7. The Otto Cycle. A hypothetical cycle for the Otto engine 
can be patterned from the pV diagram of Fig 13-4 The compression 
^ See reference 1 
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and expansion processes are, ideally, isentropic processes. Combus- 
tion and blowdown of the exhaust, which occur closely at constant 
voliune of the engine, will be arbitranly made into constant specific- 
volume processes, and, therefore, these processes are the heat-transfer 
processes for the proposed cycle. The resulting pv diagram (Fig 
13-6a) is quite similar to the pV diagram of Fig. 13-4. The Ts diagram 
(Fig. 13-66) IS constructed for the same processes: 

1. Isentropic compression ab, 

2. Constant-volume addition of heat be, 

3. Isentropic expansion cd, 

4 Constant- volume rejection of heat da. 


For this cycle, per unit mass of air, 


— Cv{Tc Tb) 

= Cv{Ta - Td) 

_ Qa + Qfl _ ^ Td Ta 

Qa n - n 

and, since compression and expansion ratios are equal, 

= Ti 

Tt \vj \vd/ Tc 

or 

Ti ^ T, 

T. T„ 

Subtracting unity from each side of the above equation, 

T /tt n"* rp ITf 

d i_ic . Id — J.a_-te^^h 

Ta Tb Ta Tb 

Substituting Eq (c) in Eq (a), 



And from Eqs. (6) and (13-2a) 


(a) 


( 6 ) 


(c) 


Vt « 




( 13 ^) 


Note that the thermal efficiency of the Otto cycle is equal to that of 
a Carnot cycle that has the same iseniroptc compression ratio (although 
the over-all compression ratio of the Carnot is higher than that for the 
Otto cycle) 
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Equation (13-5) proves that the thermal efficiency of the Otto cycle 
(or of the Carnot cycle) is a function of the isen tropic compression (or 
expansion) ratio and that it is influenced by the properties of the fluid 
Thus, the Otto cycle with helium (fr = 1 6) as the working fluid has a 
higher thermal efficiency than when air (/r = 1 4) is used (companson, 
of course, is made at the same r^) Too, the efficiency of the theoretical 
cycle IS independent of the load (which is varied by varying the 
quantity of heat added to the cycle). 

The thermal efficiency of the real engine is much less than that 
predicted by the air-standard analysis (about one-half) In Fig 13-7 

IS pictured a more exact analysis, 
by Gooden ough and Baker,* based 
upon the following premises 

1 The mixture consists of air, 
gasoline vapor, and exhaust 
products left m the clear- 
ance space, 

2 The mixture may not be 
chemically correct, a defi- 
ciency of air or fuel may be 
present , 

3 The heat capacities are not 
constant; 

4 The mixture during com- 
bustion IS in chemical 
equilibrium 

5 The pressure during the in- 
take stroke (or the exhaust 
stroke) is 14 7 psia, 

6 All processes are adiabatic, 

7 Combustion occurs at con- 
stant volume 

ence 2 ) ^ ' Although the heat-capacity^dis- 

sociation data used by Good- 
enough and Baker in 1927 are somewhat inaccurate in the light of 
modem data, still, the results obtained are very useful m indicating 
optimum magnitudes and variations under different variables of 
operation 
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Example 2 : An Otto cycle using air has a compression ratio of 8 At the start 
of the compression process (point a in Pig 13-6) the temperature is 540 R, and 
the pressure is 14 7 psia Heat is supplied at the rate of 1280 Btu/lbm of air 
Determme the thermal efficiency, net work, imep, and the pressure and tempera- 
ture at key pomts of the cycle 
Solution : From Eq (13-5) 

ijt I a 1 ^ — i — - a 0 565, or 56 5 per cent Ans 

Ty 8 ^ 

This answer is equal to that in Example 1, the net work must also be the same 
since the same amount of heat was added 


2Pr - viQa = 0 565(1280) » 723 Btu/lb^ air Ans 

State a 


State b 


Pa “ 14 7 psia 
- 540 R 


RT _ 10 73(540) 
“ p 29(14 7) 
=> 13 6 ftVlb» 


State c 


Pb 

= (S)- 

II 

= rv - 8 

\Vi, / Vi, 

Pb 

==* Pa{rv)^ ^ 

n - 

TairvY^^ Vb = 1 70ft»/lbm 

Pb 

»= 14 7(8)«^ 

n = 

540 (8) * 

Pb 

“ 270 psia 

n = 

1240 R 



Qbe 

= mcvAT 


and from Table VI (Appendix) 


Cv «= 0 17 Btu/lbm R 
1280 « 0 17(A0 
« 7500 R 

Tc - n H- Ai => 1240 + 7500 = 8740 R 


The volumes at h and c are equal, therefore, 



State d 


= 1900 psia 


Tc “ 


Smce the volumes at a and d are equal, 


The imep is 
imep 


{hT 

T. - 8740 (!)•' 
Td » 3800 R 


Pd _ Td 

Pa ” Ta 



Pd “ 104 psia 


XW 

Vd 


(723 Btu/lb,^)(778 ft Ib/Btu) 
(144 m Vft»)(13 6 - 17) 


327 lb//m.* 


Ans. 
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Note that the imep for this Otto cycle is far greater than that for the Carnot 
cycle analyzed in Example 1 , although the maximum pressure m the Otto cycle 
is less than m the Carnot cycle It might be argued that the Otto cycle experienced 
a higher maximum temperature than did the Carnot and that therefore the com- 
parison 18 unfair This is a vahd objection, but it should be remembered that 
m the real engme a combustion process is to be used to generate the temperature 
The real engme is more sensitive to high pressures than it is to high temperatures 
when both are of brief duration, thus, this example shows the Otto cycle to be 
preferable to the Carnot cycle when pressure is the hmitmg factor. 

13-8, The Diesel Engine (1893). The failure of Dr. Diesel’s first 
engine (Art 13-4) caused him to abandon, as ideals, the impractical 
isothermal processes in favor of adiabatic compression and expansion 
processes The successful diesel engine embodied the following events : 

1 An intake stroke to induct air alone into the cylinder without 
wasteful throttling; 

2 A compression stroke to raise the air to a high temperature, a 
temperature higher than the ignition point of the fuel ; 

3 Injection of the fuel during the first part of the expansion stroke 
at a rate such that combustion maintains the pressure constant, 
followed by expansion to the initial volume of the cylinder 

4 An exhaust stroke to remove the burned gases from the cylinder 

The success of the diesel engine can be attributed to the fact that only 
air is compressed in the engme, therefore, the compression ratio can be 
much higher than that of the Otto engine, which compresses a com- 
bustible mixture 

Typical pressures encountered m the compression-ignition (abbrevi- 
ated Cl) engme at full load are shown in Fig. 13-8 During the intake 
stroke, air alone is drawn into the cylinder, and the pressure is closely 
atmospheric The air is then compressed to a pressure of 350 to 500 
psia (compression ratios of 12 to 18 are in use) before the fuel is 
injected into the high-temperature air An early method of injecting 
the fuel was to use a blast of compressed air to carry the fuel into the 
engine through a small orifice called the nozzle. This method gave 
good atomization and good control of the combustion process, as can 
be recognized m Fig 13-8a, which shows, closely, a constant-pressure 
combustion However, air injection is rarely used because an air 
compressor becomes a necessary and expensive auxiliary. The modern 
method of injection is to compress and spray the fuel alone into the 
cylinder through the nozzle and depend upon a high injection pressure 
(2,000 psia) for atomizing the fuel If the inj'ection period is long and 
the speed of the engine is slow^ indicator cards similar to Fig. 13-8a can 
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be obtained. However, although Dr. Diesel insisted upon operating 
his engines with essentially constant-pressure combustion, constant- 
volume combustion is thermodynamically more desirable^ because the 
chemical energy is liberated at the very beginning of the expansion 
stroke. For this reason, the indicator cards of modem engines resem- 
ble Fig 13-8^; here the first part of the fuel to be injected burns essen- 
tially at constant volume while the remainder burns essentially at 
constant pressure 



Fia 13-8 Pressure- volume (pV) diagram for the compression-ignition (Cl) engine 
(a)jJAir injection (or late and slow mechanical injection) (b) Sohd (mecj^anical) 
injection 


The Cl engine is not completely free from knock” or detonation 
When the first particles of liquid fuel are injected into the hot com- 
pressed air, an interval of time will elapse while atomization, vaporiza- 
tion, distribution, and initial chemical reaction take place During 
this delay period, more and more fuel enters the chamber Because 
of this accumulation of fuel, when combustion does begin the reaction 
tends to be uncontrollably fast, and therefore a high localized pressure 
rise IS experienced This violent pressing rise is an impact on the parts 
of the engine that can be quite destructive Since the diesel engine has 
a high pressure before combustion, any additional pressure rise from 
combustion only increases the design troubles, probably for this reason, 
Dr. Diesel insisted upon constant pressure as the desideratum for his 
engine. 

The load control of the Cl engine is a simple matter because only 
the quantity of fuel need be regulated. Thus, at full load it is desired 
to inject a quantity of fuel such that all the air in the cylinder can be 
burned. Practically, this limit cannot be reached because it is not 
possible for the localized fuel spray to find all the air, rich and lean 
regions abound, and the engine exhaust gas is colored in appearance 
and pungent in odor. At part load, only a fraction of the full-load 

» See Art. 13-11 
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fuel quantity is injected In localized regions, combustion of the fuel 
occurs at ratios of air to fuel of about 15 to 1, although the over-all 
air-fuel ratio is much higher than this. Thus, at full output of the 
engine, most of the air is used for reaction, at part load only a fraction 
of the air need be combined with the fuel, and, because of the localized 
combustion, the mtake-air process need not be throttled at any time. 
Because of this free induction of air, the efficiency of the Cl engine is 
not penalized at part loads by a wasteful throttling process such as 
that used by the SI engine (Whether or not the fuel in the Cl engine 
is throttled is unimportant because the work spent in pumping the 
liquid is relatively small when compared to that for a gas ) 

13-9. The Diesel Cycle. A hypothetical cycle for the diesel engine 
can be patterned after the pV diagram of Fig 13-8a in the same manner 



V s 

Fig 13-9 Air standard Diesel cycle 


that was followed for the Otto cycle in Art 13-7 The compression 
and expansion processes become isen tropic processes m the ideal cycle , 
the constant-pressure combustion process becomes a constant-pressure 
process, which is therefore the heat-addition process of the cycle; the 
constant-volume blowdown of the exhaust gases becomes a constant 
specific-volume process, which is therefore the heat-rejection process 
for the cycle The Ts diagram (Fig 13-9) is constructed for the same 
processes: 

1 Isentropic compression a6, 

2 Constant-pressure addition of heat be, 

3 Isentropic expansion cd, 

4 Const antrvolume rejection of heat da 

For this cycle 

= CpiTc — Tb) 

Qrt^v ^ Cv(Ta Td) 
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The equation can be changed in form by noting that 


_ Pd ij^ 

Pafia Pa 

rp _ Pc^c rp — 

' PbVb Vb ^ 


and 

Also, 

Pd = 
Hence, 


17* = 1 


A- \tJ 


(Pd/Pa) - 1 

(Vc/Vl.) - 1 


1 r, 

vj P' 


Pa 


P6 


Prf ^ ^ / £o\ 

Pa Vl'd 1'6/ V’i/ 

i(z:A 

AtJ 


and 

77, = 1 

On substituting 


(.I'c/t'bY — 1 
{vjvi) - 1 


Ta 

Tt 


ri” 


SZ 

h- 
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Compression ratio 
Fig 13-10 Effects of compression ratio 
and mixture strength upon thermal 
efficiency of the Diesel cycle (from 
reference 2) 


and calling — — L the load ratio. 

Vh 

The thermal efficiency of the air- 
standard Diesel cycle depends on 
the compression ratio Vy, the heat- 
capacity ratio k, and the load ratio 
L Note that Eqs (13-5) and 
(13-6) differ only by the bracketed term, which is always greater than 
unity, therefore, the efficiency of the Diesel cycle is less than the effi- 
ciency of an Otto cycle when comparison is made at the same compres- 
sion ratio 

The results of the Goodenough-Baker analysis for the Diesel cycle 
are shown m Fig 13-10 

13-10, The Dual (Combination) Cycle. In the modern Cl engine 
the pressure is not constant during the combustion process but vanes 
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m the manner illustrated in Fig. 13-86. A hypothetical cycle with the 
following processes can be premised for this engine (Fig 13-11) 

1. Isentropic compression ahy 

2 Constant-volume addition of heat 66', 

3 Constant-pressure addition of heat 6'c, 

4. Isentropic expansion cd, 

5. Constant-volume rejection of heat da. 

Discussion of this cycle will be found in Art 13-11: 



Fig 13-11 Air standard dual cycle 


13-11. Comparison of Air-standard Cycles. For any given com- 
pression ratio and given heat input, the thermal efficiency is highest for 
the Otto cycle and decreases in the following order 

1. Otto cycle, 

2 Dual cycle, 

3 Diesel cycle 

The Otto cycle allows the most complete expansion and attains the 
highest efficiency because all the heat is added before the expansion 
process is under way The Diesel cycle is the worst in this respect since 
the last portion of the heat is supplied to fluid that has a relatively 
short expansion before rejection occurs 

On the basis of the same heat input and same maximum pressure, 
the order of efficiency is 

1 Diesel cycle, 

2 Dual cycle, 

3 Otto cycle 

This comparison is important because the real diesel engine can use 
higher compression ratios than those found in spark-ignition engines. 

ConatafU Compression Ratio and Heat Input Figure 13-12 has been constructed 
for the three theoretical cycles at the same compression ratio and with the same 
amount of heat supplied The Otto cycle is shown as abed, the dual cycle as 
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obb'c'd'; and the Diesel cycle as abc"(i" All cycles start at the same initial tem- 
perature, pressure, and volume at pomt a, with isentropic compression to 6 Heat 
IB added under varying conditions for the different cycles To fulfill the premise 
of equal heat supplied, the Ts areas /6ce, and fbb'c'e' must be equal Smce 




Fiq 13-12 Comparison of theoretical cycles at the same compression ratio and with 
the same heat input 

constant-volume lines are steeper on the Ta diagram than constant-pressure lines, 
construction of equal areas for the heat supplied shows point c" to he at the point 
of greatest entropy With isentropic expansion to the constant-volume line ad", 
the rejected heat for each cycle is shown as the appropriate area under line ad" 
Smce the same amount of heat was supplied to each cycle, that cycle will be the 



same heat input 

most efficient which rejects the least amount of heat after expansion This cycle 
la the Otto with the rejected heat shown as area fade The order of efficiencies 
for the three cycles is as predicted at the beginning of this article 

It is well to emphasize that the considerations just discussed are purely theo- 
retical The actual Cl engme is operated at a high compression ratio, which the 
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SI engine cannot approach because of the hmitations imposed by the detonation 
characteristics of the fuel-air charge 

Constant Maximum Pressure and Heat Input Smce pressure is often the 
limiting factor m engme design, the cycles will be compared on the basis of the 
same maximum pressure and the same heat supplied Considermg only the Otto 
and Diesel cycles, Fig 13-13 has been constructed To fulfill the given conditions, 
points c and c' must he on a constant-pressure line while the Ts areas fhce and 
fh'c'e' must be equal For these conditions the Diesel cycle is the more efficient 
because less heat is rejected (area fade compared with area fad'e') Note that, 
to achieve this supremacy, the Diesel cycle must operate at a higher compression 
ratio than the Otto (but this is the usual condition for the practical engine) 
Similar reasonmg would show that the performance of the dual cycle will fall 
between the two others 


13-12. Other Definitions and Topics. The work done by an 
internal-combustion engine depends on the amount of energy released 
when a mixture of air and fuel burns But the air occupies a much 
greater volume than the fuel, and the induction of the air into the 
cylinder presents some difficulties If the engme does not induct the 
largest possible amount of air, the work output of the engine will be 
restricted, no matter how much fuel is added Therefore, a basic 
requirement for a high-output engine is its capacity for inducting a 
large amount of air per unit of piston displacement The efficiency 
of the induction process is called the volumetric efficiency although it is 
(Refined as a mass ratio 



(8-25) 


where m = mass of air inducted per intake stroke 

mu = mass of air that would fill the displacement volume under 
atmospheric conditions of temperature and pressure 
The volumetric efficiency of the engine may be increased by super- 
chargtngy a supercharger being merely an air compressor that supplies 
air to the engine By using a supercharger, a greater mass of air can 
be packed into the cylinder, and therefore more work can be obtained 
from the engine The gam is not proportional to the increase in mass 
of air supplied to the engine because a considerable portion of the gam 
must be used to drive the supercharger 

The brake or shaft work of the engine is less than the indicated work^ 
because of the presence of mechanical friction m the engine mechanism 
The mechanical efficiency of the engine is defined 

_ brake work output 

indicated work output ^ ^ 


‘ See Art 4-6 
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Even though an engine has a low mep, or a low volumetric effi- 
ciency, or a low mechanical efficiency, the power obtained from the 
engine may be relatively high, if high cyclic speeds are possible, because 
power IS the time rate of doing work Modem internal-combustion 
engines are usually operated, not at the speed of maximum mep (for 
example), but, rather, at higher speeds where the mep is lower because 
of mechanical or fluid friction More power can be obtained because, 
although the work per cycle is decreased, the number of cycles per 
second is increased in a greater ratio 

The speed of the engine is given in revolutions per minute (rpm) of 
the crankshaft The piston must be stopped and reversed in direction, 
twice in each revolution of the crank, and the attendant accelerations 
and decelerations of the reciprocating mass create an inertia force 
Since inertia forces are dependent on speed and mass, small engines 
with light pistons can be operated at higher rpm than large engines 
The mean piston speed is often specified 

Mean piston speed = rpm X 2 X length of stroke ^ (13-8) 

When speed or size is limited by design stresses, additional power 
can be obtained by a two-stroke system, which produces a power stroke 
in every revolution of the crank Here the exhaust and intake strokes 
are eliminated by using a blower or scavenging pump. When the 
exhaust valve opens near the end of the power stroke, the high-pressure 
products escape to the atmosphere, air is then blown into the cyhnder 
by the blower to complete the scavenging and also to charge the 
cylinder The piston then returns on the second stroke of the cycle, 
the compression stroke 

The power of the internal-combustion engine depends on the mass 
rate of air flow into the engine, and this factor in turn is controlled by 
the size and number of cylinders, the cyclic speed (rpm), and the 
degree of supercharge To develop high power output,* two methods 
are available large engines operated at low rpm (this is Cl practice), 
and small engines operated at high rpm (this is SI practice) either with 
or without supercharging In any case the size or complexity of the 
engine does not lend itself to the production of power in units above 
10,000 kw, and smaller units are preferable 

13-13. Regenerative Cycles. The thermal efficiency of some cycles 
can be raised by regeneration. Consider Fig 13-14 Here heat is 
added to the fluid in the constant-volume process be and in the iso- 
thermal process cd Heat is rejected from the fluid in the constant- 
volume process da and in the isothermal process ah Note that the 
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temperature of initial heat rejection is Td and the temperature of 
initial heat addition is Ti Because Th is less than Tdt it should be 
possible to find means for transfernng a part of the rejected heat to the 
heat-addition process When such means are found, less heat need 
be supplied from an external source, although the work of the cycle is 
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Stirling cycle 


unchanged and therefore the thermal eflSciency of the cycle will be 
increased; the cycle is now a regenerative cycle 

The first regenerative cycle was proposed by Robert Stirling in 
1827 Stirling's engine is shown in Fig 13-15 and consists of the 
work piston the displacer piston R, the regenerator (7, the refrigera- 
tor D, and the heating chamber E. The regenerator is circular and con- 
sists of many thin metal plates. The cycle of the Stirling engine is as 
follows Piston B is at its highest position while piston A is at its 
lowest travel, heat is transferred from the fire to the air in Ey and the 
expansion drives the work piston A upward (isothermal process cd in 
Fig 13-14) The displacer piston B is then lowered, forcing the air in 
E to pass to chamber F through the regenerator C (constant-volume 
cooling process da in Fig 13-14). The temperature of the regenerator 
C is raised in this process After B has reached the lowest position, 
piston A IS brought down, compressing the air in F, which is cooled 
by the refrigerator D (isothermal process ab in Fig 13-14) The dis- 
placer piston B is then lifted, forcing the cool air in F to return to 
chamber E through the hot regenerator C (constant-volume heating 
process be in Fig. 13-14) The regenerator is cooled in this process, 
and the cycle is completed. 

The Stirling air cycle, while commercially used in a number of 
engines, was never a complete success because the cycle was limited 
to low speeds by the slow transfer of heat m external heating. 

If the Stirling cycle could be reversibly operated, the eflSciency 
would be equal to that of a Carnot cycle that encountered the same 
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temperature limits. It is difficult to visualize the engine of Fig. 13-15 
being reversibly operated, but the cycle of Fig. 13-14 can be imaginanly 
treated to attain reversibility. Thus, if the heat capacity of the gas 
dunng process da were the same at each temperature level as in process 
hCf the two constant-volume lines on the Ts diagram would J^e parallel, 
and the areas under these lines would be equal A perfect heat reser- 
voir (or an infinite number of heat reservoirs) could he used to store 



Flo 13-15 First Stirling engine 


the thermal energy rejected m process da and later return the same 
thermal energy to the working fluid during process he Heat would be 
added to the cycle from an external source only dunng process cd, 
and heat would be rejected to the surroundings only during process ab 
By the reasoning of Art 5-3, the thermal efficiency of this reversible 
cycle, which operates between fixed and definite temperature limits, 
is equal to the Carnot efficiency 



One other regenerative cycle is of historical importance, the Ericsson 
cycle shown in Fig 13-16. Here perfect regeneration can theoretically 
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be obtained because the constant-pressure lines he and da are parallel 
on the Ts diagram (at least for perfect gases, even if they were not, 
regeneration is still feasible although reversibility is impossible) 



Fig 13-16 Ericsson cycle 


13-14. The Gas Turbine. The internal-combustion engine is a 
compact power plant, but it suffers from the limitation of a low mass 
flow rate This limitation can be removed by substituting continuous- 
flow machines for the reciprocating-piston engine while retaining the 
desirable feature of internal combustion of a fuel with the working 
fluid Unfortunately, the flow compression process cannot be as effi- 
ciently conducted as nonflow compression The usuaP flow compres- 


Ainand 



Fig 13-17 Elements of a continuous-combustion gas turbine system 


sor first induces a high velocity in the fluid and then transforms the 
kinetic energy into pressure energy by means of a diffuser or diverging 
passageway; this is a difficult process to accomplish efficiently On 
the other hand, a turbine can be used for the expansion process, and 
here the fluid can expand to the pressure of the atmosphere and thus 
attain an expansion ratio that cannot be readily approached by a 
reciprocatmg-piston engine One other disadvantage is inherent in 
the flow process the maximum temperature in the reciprocatmg-piston 
engine can be high because the process is intermittent, the maximum 


^ See Art 3-6c 
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temperature in the continuous-flow machine must be relatively low 
because this temperature is constant in some part of the apparatus. 

The basic elements of the continuous-combustion gas-turbine sys- 
tem are illustrated in Fig. 13-17 In this illustration is shown a com- 
pressor that compresses the air and forces it into and around the 
combustion chamber Only a portion of the air is mixed with the fuel 
and burned at constant pressure The high temperature of combus- 
tion is reduced by the main body of air passing around the combustion 
chamber and mixing with the burned products This mixture, at a 
temperature of about 1200 F, enters the turbine, which dnves both the 
air compressor and a generator that absorbs the net power. (The 
small electric motor is used only for starting purposes ) 

A speed governor regulates the fuel supply and thereby the turbine 
inlet temperature The inlet temperature is restricted by metallurgi- 
cal problems; for long life, a temperature of 1000 or 1200 F is usually 
recommended Experimental work in testing full-scale turbine units 
and in developing high-temperature materials seems to predict that 
turbine inlet temperatures of 1500 F or better may be achieved in the 
near future With these high temperatures, the gas turbine can 
compete for the high thermal efficiencies now developed by the Cl 
engine Even with lower inlet temperatures, the efficiency of the gas 
turbine may be acceptable for uses where simplicity and high mass flow 
rates are desirable, or in and regions because a water supply is unneces- 
sary. In general, fuels for the gas turbine can be cheaper than the 
fuels for internal-combustion engines because detonation is not a 
factor; experiments also indicate that powdered coal may prove 
successful 

13-16. The Bra5^on (Joule) Cycle. The gas-turbine process for 
analysis can be considered to be a cycle as represented in Fig 13-18 
The diagrams in Fig 13-18 are constructed for the following idealized 
processes 

1 Isen tropic compression a6, 

2 Constant-pressure addition of heat be, 

3 Isentropic expansion cd, 

4 Constant-pressure rejection of heat da. 

The working fluid throughout the cycle is considered to be of constant 
composition (This assumption does not seriously weaken the analysis 
because the amount of fuel burned in the real cycle has small effect on 
the heat capacities of the fluid ) The thermal efficiency of the cycle is 
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^ Qa + Qb ^ c^{Tc - Ti) - c^jTa - r.) 
Qb c^iT, - n) 


Vt - I — 


Ta - r« 
Tc - n 


By the same procedure as m Art 13-7 it can be shown that 


= 1 — 



= 1 - 



(13-6) 


Thus, the thermal efficiency of the Brayton cycle is equal to that of 
the Otto cycle for the same compression ratio But the pressure ratio 



[Eq (13-3)] IS more often used as the parameter for expressing gas- 
turbme efficiencies, and Eq (13-5) in terms of this ratio is 


Vt 


- ■ - - ■ - 


1 




(13-9) 


Note that the thermal efficiency of the Brayton cycle, like that of 

the Otto cycle, depends on the pressure 
ratio and on the heat-capacity relationship 
for the fluid, and not on the load or the 
maximum temperature 

Since the real processes for the gas tur- 
bine are irreversible, the cycle pictured m 
Fig 13-19 is more representative For this 
irreversible cycle 

= ^ + Wc 

turbine cycle Qa Qa 

The turbine work can be expressed in terms of the isentropic work and 
the expansion (engine) efficiency (Art 12-1) 

Wt = (he — hd') = (he — hd)r}e 



POWER CYCLES— GAS 


481 


The compression work can be similarly expressed: 

Wc = {K - hi') = {ha - hi) i 

Vc 

The heat added is 

Qa — hi' 

And the thermal efficiency is 

hd)Ve ^a)i^ /Vc) 


(13-10) 


This equation can be rearranged, for perfect gases, to eliminate the 
properties at states d, b, and b' by noting that 


Ah = CpAt 

hff ha 


Vc = 


and by defining x as 


Then. 


_ n - Tg 

hh' — ha T&' Ta 
fc-1 


^ ^ T, _ 
^ Ta Ta 


With these equations 




Vt = 


m = 


Vi = 


1) 

^ \ a: Vc/ 


(13-11) 


Equation (13-11) when plotted, as thermal efficiency against pressure 
ratio for various maximum temperatures (Tc), yields Fig 13-20 
This figure shows that an optimum compression ratio exists for each 
turbine inlet temperature Note that increasing the temperature 
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Pressure ra+io in compression 

Fig 13-20 Effects of compression ratio and turbine inlet temperature on the thermal 
efficiency of the nonregenerative Brayton cycle (from reference 3) {tc = turbine 
inlet temperature, = tjc = 0 85, ta = 60 F ) 


from 800 to 1600 F more than doubles the optimum thermal efficiency 

Reducing the inlet temperature, as 
a means of reducing the output, 
causes a serious drop in efficiency if 
the pressure ratio remains constant 
(The pressure ratio will remain 
essentially constant when the tur- 
bine compressor unit operates at 
constant speed ) 

When the inlet temperature Tc 
IS held constant while the compres- 
sion and expansion eflBciencies are 
varied, Eq (13-11) yields Fig 13-21 
Here it is seen that the process 
efficiencies also determine the opti- 
%ressurerat,o.ncomprei,on ® mum compression ratio 



Fio 13-21 Effects of compression 
ratio and turbme-compreasor efficien- 
cies on the thermal efficiency of the non- 
regenerative Brayton cycle (from refer- 
ence 3) {rjt turbine efficiency , ije com- 
pressor efficiency, fc — lOOOF.fo = 60F ) 


Example 8 : Air at 14 7 psia and 60 F 
IS compressed to 54 psia and a final tem- 
perature of 340 P Fuel is then burned 
in amount to increase the temperature 
to 1000 F before the gas enters the tur- 
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bine If the exhaust from the turbine is at 640 F and heat losses are considered 
to be zero, what will be the thermal efficiency of the unit? 

Solution: The amount of fuel burned is small, and the chemical composition 
of the mixture can be considered as not appreciably different from that of air 
Table X (Appendix) will be used for finding the enthalpy of the air at each state 
(lettering following that of Fig 13-19) 


At 60 F or 520 R 
At 340 F or 800 R 
At 1000 F or 1460 R 
At 640 F or 1100 R 


h — u Tpv 

/la = 0 + 1033 = 1033 Btu/mole air 
/ii>' = 1403 -b 1589 = 2992 Btu/mole air 
he = 7823 Btu /mole air 
hd' =5142 Btu/mole air 


Work from turbine {K — hd') = 2681 Btu/mole air 

Work to compressor {ha — hh') = —1959 Btu/mole air 
Net work = 722 Btu/mole air 

Heat supplied {he — hh') « 4831 Btu/mole air 

STF (722) (100) _ ^ . 

vt = = 4831 — 


The mass of fuel, which was neglected m the above calculation, can be computed 
Assume that the fuel is decane with a lower heatmg value of 2,733,000 Btu/mole 
(Table XI I, Appendix) Then, the moles of fuel burned per mole of air are 

Qa Btu/mole air _ 4831 _ „ moles fuel 

Ai/ Btu/mole fuel 2,733,000 moles air 


The mass ratio, in pounds, is 


0 00176(142) 
29 


== 0 00862 


lh„t fuel 
lb,„ air 


This IS an air-fuel ratio of 


AF 


1 

0 00862 


116 


Ibm air 
lb,„ fuel 


13-16. The Regenerative Gas-turbine Cycle. Inspection of Fig 
13-19 reveals that the temperature of the exhaust gases at state 
IS higher than the temperature of the compressed air at state 6', and, 
because of this, the gas-turbine cycle can be regenerated The regen- 
eration IS accomplished by installing a heat exchanger in the flow 
system as illustrated in Fig 13-22 Here the compressed air is passed 
through a bundle of tubes or flat plates while the hot exhaust gas is 
circulated between the tubes or plates In this manner the air is 
increased in temperature before reaching the combustion chamber, 
and thus less fuel need be burned to attain a specified turbine inlet 
temperature. The heat exchanger must be carefully designed, an 
excessive pressure drop of either the air or exhaust gas may nullify the 
anticipated gam in efficiency Note that lowenng the compression 
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ratio increases the temperature difference available for regeneration, 
and, at high compression ratios, regeneration becomes impossible 
The theoretical gain in thermal efficiency can be calculated for 
various degrees of efficiency of the regenerator The ejffictency is 
defined (letters correspond to Fig 13-22) 


actual temperature rise _ fy — h' 
maximum temperature rise tir — h' 


(13-12) 


If the regenerator had infinite surface, ty and td‘ would be equal. The 
size of the practical regenerator allows an tjr of 0 50 to 0 75 without 
excessive pressure drop. The thermal efficiency of the regenerative 




Fiq 13-22 Hegenerative gas turbine system 


cycle of Fig 13-22 is given by Eq (13-11) when the term in the 
denominator involving Ta is replaced by Ty 


Vt = 


(¥ - 0 


(:r - 1 ) 


Tc - Ty 

The temperature Ty is found by Eq (13-12)- 

Ty = VriTd’ ~ Tb') + Tb' 


and Tb’ can be expressed in terms of Tb, Ta, and ■Qc, while Td' is expressed 
in terms of T^, Td, and 77 , With these substitutions 


n = Ta + 1 ) (1 - 17r) + (VrTa) [l - V. (^^)] 

The thermal efficiency then equals 

„ 

(13-13o) 
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This equation, although formidable m appearance, is quite easily 
solved. For cases where rir = 1,0 


And when ije 


Ve 


10 


Vc 


Ta;c 


(T. - TaZ)ix - 1) 
T,{x - Vr) - T^^il - nr) 


(13-13b) 

(13-13C) 



Prcssunfi ratio 


Fia 13-23 Effects of compression ratio and degree of regeneration on the thermal 
efficient of a gas turbine cycle (rjt, ^ ijc ^ 0 85, te *= 1000 P , /o — 60 F ) 

Equation (13-13a) when plotted as thermal efficiency versus pressure 
ratio for various degrees of regeneration yields Fig 13-23 ^ Note 
that regeneration decreases the pressure ratio for optimum efficiency. 

13-17, Other Improvements in the Gas-turbine Cycle, The work 
ratio of the gas-turbine cycle can be raised if the isentropic compression 
process is replaced by isothermal compression. Figure 13-24 shows 
that this substitution increases the net work of the cycle (area abed 
18 larger than area aVed) and decreases the thermal efficiency (heat 
added from h to 6' is less effective than heat added from 6' to c because 
a greater percentage is rejected) The decrease m thermal efficiency 
18 more than removed when the cycle is regenerated because the energy 

^ The heat exchanger must be discarded at high compression ratios, or regenera- 
tion may become negative, that is, the exhaust gases will be increased in 
temperature 
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available in the exhaust gases (area under ad) is sufficient to raise 
the temperature from Th to the Iimitmg temperature Ta Since iso- 
thermal compression is not a practical flow process, the real system 
employs intercoohng and regeneration as shown in Fig 13-25 



The work ratio of the cycle can also be raised by injecting water 
into or around the combustion chamber This procedure does not 
affect the work of the compressor, but the steam that is formed from 
vaporizing the water increases the mass flow to the turbine, lowers 
the k value of the mixture entering the turbine, and therefore increases^ 



Fig 13-25 Gas turbine system with intercoohng and regeneration. 


the work output (The work spent in pumping the water is negligible ) 
This practice, of course, reduces the thermal efficiency because more 
fuel must be burned to raise the temperature and supply the latent 
heat of vaporization of the water The water can also be injected into 
the air stream before compression or into the compressed air at a loca- 
tion preceding the regenerator; apparently, this last location is a 


> See Art 8-9o and Eq (8-13) 
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patent claim^ by Lysholm Note that water injected at any location 
that precedes the regenerator will probably result in a gain in thermal 
efficiency unless the energy available in the exhaust gases is insufficient 
to vaporize the water 

The work ratio of the cycle can also be increased by reheating the 
air, after partial expansion in one turbine, before the air is admitted to 
a final turbine (Fig 13-26) In this instance the thermal efficiency 



Fig 13-26 Gas turbine system with reheat 

of the real system will probably be inci cased by the reheat because the 
work of the compressor, which affects the thermal efficiency, is not 
changed 

Improvement in part-load efficiency can be obtained by using two 
turbines as shown in Fig 13-27; one turbine drives the compressor 



alone while the second turbine drives the load A separate combustion 
chamber can be used for each turbine With this arrangement, the 
turbine driving the compressor can always be operated at the best 
speed for the compressor while the inlet temperature is maintained 
at the design value Fractional loads are secured by varying the inlet 
temperature to the load turbine, which can be operated at variable 
speed as dictated by the load requirements Here the inefficiency of 
low temperature or low speed is confined to only a portion of the entire 
system 

^ See reference 4 
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13-18. Closed and Semiclosed Systems. The open gas-turbine 
system is independent of a cooling source since it rejects hot waste 

gases to the atmosphere; this fac- 
tor and the simplicity of the system 
have been major reasons for pro- 
moting development A closed sys- 
tem, on the other hand, continuously 
circulates the same fluid and re- 
quires heat exchangers for the heat- 
addition and -rejection processes 
Figure 13-28 depicts such a cycle 
Combustion of the fuel takes place 
in the air heater A and not inter- 
nally within the system, while water 
IS used to cool the gases in the 
heat exchanger B The advan- 



Fiq 13-28 
cycle. 


Closed system gas turbine 


tages of the closed system are as follows . 


1 Higher pressures can be used throughout the cycle, and there- 
fore higher densities of the working fluid are obtained This 
allows all parts of the system to be made smaller, smaller 
physical dimensions allow higher temperatures for a given stress 
limit 

2 The working fluid is clean, not contaminated with products of 
combustion; deposits on the turbine or compressor blades and 
wear or erosion of the turbine and compressor are reduced 

3 The working fluid can be a monatomic gas that has a more 
favorable heat-capacity ratio (k) than air 

4 Thermal efficiency at part load is high because part load can be 
secured by varying the density of the working fluid without 
varying the temperature (Of course, a control system must be 
added to Fig 13-28 if the density of the fluid is to be changed by 
adding or subtracting working fluid.) 

5 A cheap fuel, such as coal, can be used. 

Accompanying these advantages are the following disadvantages 

1. The efficiency of internal combustion has been eliminated by 
substituting a heat exchanger and an external furnace 

2 A coolant must be available 

3 Complexity and cost of the system have been increased 

Semiclosed systems have been proposed to secure advantages 1 and 
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4 of the closed cycle. In Fig. 18-29 is shown a Swiss design. The 
main and high-pressure circuit for the fluid contains turbine T 2 and 
compressor C 2 ; the control circuit contains turbine Ti and compressor 
Cl. Air is bled from the main circuit at A to support combustion of 



Fio 13-29 Su]zer Bros semj Hosed gas iurbiue ayaiem {from reference 4) 

JT 



Fio. 13-30. Weatinghouee semioloaed gas turbine system (from reference 4) 

the fuel that is introduced in the furnace F. The products of com- 
bustion, which are at a pressure greater than atmosphenc, are then 
led to the control turbine Ti and, finally, exhaust to the atmosphere 
Note that turbine Ti drives a compressor Cj, which need only supply 
fresh air to the main circuit to replace the air that was bled for com- 
bustion The electrical machine E is run either as a generator or as a 
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motor to balance the output. The system of Fig. 13-29 confines the 
products of combustion to the control turbine and thus only clean 
fluid passes through the main circuit. 

The Westinghouse semiclosed system is shown in Fig 13-30 Here 
the furnace has been elimmated, and the fuel is burned just prior to 
entering the main air stream In this system, the products of com- 
bustion pass through the mam circuit 

13-19. The Explosion Gas Turbine. Most development work on 
gas turbines in this country has included only constant-pressure com- 
bustion of the fuel In Europe, experiments have been made for many 
years on gas turbines that utilize constant-volume combustion although 

commercial success of such tur- 
bines appears to be lacking 
The Holzwarth or explosive tur- 
bine IS graphically illustrated in 
Fig 1 3-3 1 . Air IS forced into the 
combustion chamber A from the 
air compressor through a valve B 
Fuel is sprayed into this air by 
injection valve C, and the mix- 
ture is Ignited by the spark plug 
D The pressure rise opens 
valve E, allowing the gases to 
flow to the nozzles of the turbine 
Following the expansion, valve E is held open (by mechanism not 
shown), and scavenging air is allowed to enter through valve B and 
pass through the turbine, thus cooling the parts that were subjected to 
high temperatures Valve E then closes, and the operation is repeated 
A number of these combustion chambers are located around the 
perimeter of the turbine Along with the complication of the valves 
and valve gear, note that the flow from the nozzle is intermittent and 
the fluid velocities are variable Since nozzle and blade angles are 
fixed, the best efficiency is obtained at one particular pressure differen- 
tial across the nozzle 


£ E Turbfne 



Problems 


The instructor may also specify 
a Keenan Air Tables for solution 
b Variable heat capacity of air for addition of heat 
c Air Chart for solution (Fig IX, Appendix) 

1. Determine the imep for the Carnot cycle of Example 1, Chap XII (assume 
system is nonflow) 

2. Check the equation m Art 13-3 for the net work of a Carnot cycle by 
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substituting the expression for the work of each process in the general equation 

XW = PFc6 + Wbe "b Wtd “f" w da 

and reduce 

8 Repeat Example 1 of this chapter, assuming that helium is the workmg 

fluid 

4 . An engine operates on an air cycle Air at 30 psia and 520 R is isen- 
tropically compressed to 450 psia Heat is added at constant pressure until the 
temperature is 2000 R, and then an isentropic expansion proceeds to 30 psia 
Heat 18 rejected at constant pressure, and the mitial state is regained Find for 
1 Ibm of air (a) the temperature at the end of compression, (b) the heat added at 
constant pressure, (c) the temperature at the end of expansion, (d) the heat 
rejected at constant pressure, (e) the volume at each pomt of the cycle, (/) the 
entropy change for each process, and plot (gr) Ts and pv diagrams and (h) the cycle 
efficiency 

6 . One pound mass of air m a Carnot cycle has a volume of 0 1 cu ft and a 
pressure of 3,000 psia at the start of the isothermal expansion stroke If the 
thermal efficiency is 40 per cent and the isothermal expansion ratio is 10, find heat 
added and rejected, work done, mep, and the pressure at the end of each process 
6 . A Carnot cycle with air as the fluid has a thermal efficiency of 50 per cent 
and an isothermal expansion of 2 If 64 Btu of heat are supplied to the cycle, 
which has a volume of 5 ft® and a pressure of 100 psia at the start of isothermal 
expansion, find the work, mep, and pressure at the end of each process 

7 An Otto cycle using air with constant-volume addition of heat operates 
at a compression ratio of 6 Heat is supphed of amount 1280 Btu/lb„» air At 
the start of the cycle the temperature is 540 R and the pressure is 14 7 psia Find 
the temperatures and pressures at key points of the cycle and the mep 
8 . Find the thermal efficiency and mep for the cycle of Prob 7 
9» For an Otto cycle with compression ratio of 4 but otherwise with the same 
data as Prob 7, find the amount of heat rejected 

10 . Plot thermal efficiency for the air-standard Otto cycle against compression 
ratio for values of the ratio from 1 to 10 

11. Compute the thermal efficiency of an Otto cycle that has a combustion- 
chamber volume that is 20 per cent of the piston displacement 

12 . For the data of Prob 7 , determine the horsepower if the cycle contains 
0 1 Ibw of air and the speed is 2,000 cycles per min 

13 . Consider the data of Prob 7 to be that of a Diesel cycle wnth constant- 
pressure addition of heat Fmd the pressures and temperatures at key points 
of the cycle, the mep, and the thermal efficiency 

14 The compression ratio for a Diesel cycle is 14, the initial pressure is 14 7 psia, 
and the temperature is 60 F The temperature at the end of the combustion 
process is 3000 F Determme the thermal efficiency of the cycle if air is the fluid 

16 The mitial temperature m a Diesel cycle is 14 psia and the temperature 
is 80 F The temperature before combustion is 700 F and after combustion it is 
3000 F. Determme thermal efficiency of the air-standard cycle 

16 , Compare the Otto, Diesel, and dual cycles on the Ts and pv diagrams for 
conditions of same maximum pressure and temperature Determme which cycle 
18 the most efficient 

17 . Repeat Prob 16 but for equal outputs from each cycle (compression 
ratios will differ) 
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18 . At the start of isothermal compression m the Stirling cycle, the pressure 
IB 14 7 psia and the temperature is 540 R while the compression ratio is 8 (same 
data as m Example 2) Determine the work, mep, and thermal efficiency of the 
cycle, if non-regenerative, and heat added is 1280 Btu Ib“^ air 

19 . The maximum pressure m an Ericsson cycle is 600 psia, and the maximum 
temperature is 1200 F The minimun pressure m 14 7 psia and minimum 
temperature is 80 F Determme the work, mep, thermal efficiency, and com- 
pression ratio of the nonregenerative cycle 

90 . Repeat Prob 19 for the Stirling cycle 

21 . Repeat Prob 19 for the Carnot cycle 

22 . Repeat Prob 19 for the Otto cycle 

23 . Repeat Prob 19 for the Diesel cycle 

24 . Repeat Prob 19 for the Brayton cycle 

26 . Superimpose the results of Probs 19 to 24 on the Ts and pv diagrams 
Table all results to facilitate comparison of cycles 

26 . A continuous-combustion turbine system operates with pressure ratio of 3 
What will be the ideal thermal efficiency? 

27 . Repeat Prob 26, assuming that the compression ratio is 3 

28 The turbme of Prob 26 has compressor and turbine efficiencies of 85 per 
cent while the mlet temperature is 1200 F Calculate the thermal efficiency 
and work ratio (atmosphenc conditions, 14 7 psia and 60 F) 

29 . Repeat Prob 28, asBuming that a regenerator is added with efficiency of 
75 per cent. 

80 . Repeat Prob 29, assummg that the regenerator mtroduces a pressure 
drop of 2 psia between compressor and turbine (pressure ratio of turbine is now 
less than 3) 

81 . What wih be the thermal efficiency and work ratio of a gas-turbme system 
if the inlet air is 100 F and 14 7 psia, the outlet from the compressor is 50 psia 
and 400 F, and the combustion temperature is 1200 F, fallmg to 840 F at exhaust? 

82 . Determme the compression and expansion efficiencies for the data of 
Prob 31 

33. A reversible turbmo with pressure ratio of 4 has an mlet temperature of 
1200 F Atmospheric conditions are 60 F and 14 7 psia Determme the thermal 
efficiency and work ratio for (a) isentropic compression, (6) isothermal com- 
pression, (c) two-stage isentropic compression with perfect Untercooling 

34 . Repeat Prob 33, assuming that a perfect regenerator is used m each 
instance Compare results with those for Prob 33 

85 . Derive Eq. (13-136) startmg from the basic relationship 

”‘“07 

86. Equation (13-13a), when plotted as thermal efficiency versus pressure 
ratio, will yield curves that cross the curve for zero regeneration (not shown in 
Fig. 13-23) Explain why this occurs 

37 A gas-turbme system has pressure ratio of 4 and compressor and engine 
efficiencies of 83 per cent while the maximum temperature is 1300 F Atmos- 
phenc conditions are 60 F and 14 7 psia Determme the thermal efficiency and 
work ratio 

88 . Water at 60 F is mtroduced into the combustion chamber of the system 
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of Prob 37, and the gas temperature of 1700 F is reduced to the same value as 
before, 1300 F Assume that the heat of vaporization of the water is 1000 Btu lb"* 
and the constant-pressure heat capacity is 0 5 Btu lb"* F"> Assume, too, that 
the water-and-air mixture entering the turbine is considered to be only air although 
the mass flow is mcreascd by the presence of the water Calculate the work ratio 
and thermal efficiency for the system 

33. Repeat Prob 38, assuming that a regenerator os present and the same 
amount of water is introduced before the regenerator, which has infinite surface 

Symbols 

AF air to fuel mass ratio 

bmep brake mean effective pressure 

c heat capacity 

C constant 

P Fahrenheit temperature scale 

H enthalpy 

h specific enthalpy 

imep mdicated mean effective pressure 

k ratio of Cp to c* 

L load ratio 

m mass, also, mass flow rate 

mep mean effective pressure 

n poiytropic exponent 

p pressure 

Q heat 

rpm revolutions per mmute 

Tp pressure ratio 

rr compression or expansion ratio (volume ratio) 

R Rankme temperature scale 

R gas constant (umversal or specific) 

8 Specific entropy 

t Fahrenheit temperature 

T absolute temperature 

u specific internal energy 

V specific volume 

V volume 

Vd piston displacement (volume) 

W work 

X isentropic temperature ratio 

Subscripts 

A added 

c compressor 

IJ displacement 

p constant pressure 

rev reversible 

R rejected 

T constant temperature 

t turbine 

V constant volume, also, volumetric 
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Vc 

Vc 

Vm 

Vr 

Vl 

Vv 

?: 


Greek 

(eta) compression (compressor) efficiency 

expansion (engine or turbme) efficiency 
mechanical efficiency 
efficiency of regeneration 
thermal efficiency 
volumetric efficiency 
(sigma) summation 
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CHAPTER XIV 

REFRIGERATION 


Refrigeration is the production and maintenance in a space of a 
temperature lower than that of the surroundings, this science is a 
necessary part of many industrial processes as well as a very desirable 
part of modem conveniences 

14-1* Definitions. Not long ago, natural ice was the prmcipal 
means of refrigeration, and therefore the refrigeration capacity was 
related to the latent heat of fusion of ice. A ton of refrigeration is, 
closely, the cooling effect or heat exchange equivalent to that obtained 
by melting 1 ton of ice at 32 F into water at 32 F Or precisely,^ by 
arbitrary definition, 

1 standard ton refrigeration = (2,000 Ib^) (144 Btu/lbm) 

= 288,000 Btu 

More often the ton of refrigeration is considered to be a rate 

1 standard commercial ton refrigeration = 288,000 Btu/24 hr 

= 12,000 Btu /hr = 200 Btu /min (14-1) 

To obtain the cooling effect called refrigeration, work (or available 
energy) must be expended The coefficient of performance is defined 
as the ratio of the refrigeration to the work supplied ^ 


The refrigeration Qa is the heat added to the working substance in the 
cycle, and W is the work required to drive the apparatus The value 
of the cop can be less or greater than unity 

Another gauge of the performance of the refrigerating machine is 
the horsepower per ton of refrigeration 


HP/*- = 


4 71 
cop 


( 14 ^) 


* The latent heat of fusion of ice at ^2 F is 143 35 Btu lb"* 

* By the convention used m this text, work supplied to a system is a negative 
number, thus, the cop defined by Eq (14-2) is a positive number 
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14-2. The Camot Heat Pump. When the heat-engme cycle is 
reversed, a refrigeration cycle is obtained In Fig 14-1, the Carnot 
heat pump (Art 5-3), employing a mixture of a liquid and its vapor as 
the working substance or refrigerantj is illustrated. Here the cycle 
consists of the following processes’ 

ah Isentropic expansion to the low temperature Ta 
be Heat added in the evaporator at the low temperature Ta 
cd Isentropic compression from the low temperature Ta to the 
rejection temperature Tr 

da Heat rejected m the condenser at the temperature Tr 




Fig 14-1 The Carnot refrigeration cycle (Tlie refrigerant is a vapor ) 


The refrigeration is proportional to area 'jhek] the work supplied is 
proportional to area abedy and the heat rejected is proportional to area 
jadk For this cycle, 

_ ^ Qhc _ f^A A\ 

COpc„a„t + 2\-Ta 

It has been demonstrated (Art 5-3) that, between fixed temperature 
hmitSy all reversible engines have the same thermal efficiency, the 
thermal efficiency of the Carnot cycle Thus, the work of the Camot 
cycle IS the maximum work that can be obtained from transformation 
of heat energy in a heat-engme cycle But if the Carnot cycle (or 
any reversible cycle) delivers the maximum work as a heat engine, it 
must therefore require the least work for the reversed operations as a 
heat pump For consider Fig 14-2: if a heat pump could be found that 
would require less work than a reversed Camot engine, a system could 
be devised that would produce work by transforming heat supplied 
by a low-temperature reservoir The Second Law denies the existence 
of such a system Thus, the coefficient of performance of a reversible 
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engine is the optimum performance for the refrigeration machine 
Moreover, all reversible heat pumps operating between the same 


temperature limits will have the 
same coefficient of performance no 
matter what fluid is used as the 
refrigerant or what pressures are 
experienced in the system Then, 
the work or power required per ton 
of refrigeration will also be inde- 
pendent of the refrigerant and 
dependent only upon the tempera- 
tures of source and sink These 



conclusions are valid only for the A system that would produce 

work from neat supplied by the atmos- 
reversible cycle because the irre- phere (assumption heat pump x requires 

versiblhties and the temperature ^ reversed Carnot engine) 

limits of the real cycle will be affected in greater or less degree by the 
properties of the refrigerant (Table 14-1) 

A relative efficiency can be defined by companng the work of the real 
refrigeration cycle to that of the Carnot 


VrC = 




Camol cycle 


W, 


refrigeration cycle 


COprefngeration cycle 
COpCamot pump 


(14-5) 


The relative efficiency is always less than unity In computing this 
efficiency, the work of the Carnot cycle should be based upon the 
temperatures of the refrigerated space and the cooling medium If, 
instead, the relative efficiency is computed from the temperatures of 
heat addition and rejection within the cycle, then the system is not 
penalized for the presence of the irreversible temperature differences 
that actually are present 


Example 1 * A Carnot cycle, using steam as the refrigerant, is to operate 
between 80 F (atmospheric) and 40 F Assume that the quality of the vapor is 
0 80 at the end of iscntropjc compression (state d in Fig 14-1) and that the steam 
is condensed to saturated liquid (state a Fig 14-1) Compute the cop, horse- 
power required per ton of refrigeration, and the work of each process (all to be 
flow processes) 

Solution . By Eq (14-4), 

“ Tr - Tji “ 540 - 500 “^2 5 Ana 

And by Eq (14-3), 

4 71 4 71 

Hp/ton =* = 0 378 hp/ton refrigeration Ans 

cop x£ O 
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The properties at each state of the cycle can be obtained from the Steam Tables 
and by calculation (letters correspond to Fig 14*1) 



- 48 02 Btu/lbm 

Xa — 

0 

0 


Va 

- 0 01608 ftvib. 

h 

-46 6 


Xb « 

0 

0359 

Vb 

-87 9 

he 

- 824 1 


Xe - 

0 

761 


Vc 

- 1860 

hd 

- 886 9 


Xd « 

0 

80 


Vd 

- 506 5 


Sa — 

0 0932 Btu/lb„ 

F 


Pa 

= 0 

5069 peia 


8b - 

0 0932 




p6 

»= 0 

12170 


8c ™ 

1 6474 




Pc 

- 0 

12170 


8d - 

16474 




Pd 

- 0 

5069 


The work of compression is 

If c rf ^ h d Ac 

W,d « -(886 9 - 824 1) « -62 8 Btu/lb„ Ana 
The work of expansion is 

JY ab At Ao 

Wab * —(46 6 — 48 02) = +1 42 Btu/lbm Ans 

Note that the work obtained in the expansion process is but a small fraction of 
the work that must be supplied for the compression process 

This example indicates that steam would be a particularly undesirable refriger- 
ant for these temperature hmits The pressures throughout the system are far 
below atmospheric so that the prevention of air leakage into the system would 
undoubtedly be a difficult if not impossible task Compared with other refriger- 
ants the specific volumes at c and d are large, and this would require a large com- 
pressor displacement For these reasons it would be highly impractical if not 
impossible to use steam as the working fluid for this cycle (but see Art 14-6) 

14-3. The Vapor-compression Cycle. Although the Carnot heat 
pump with a vapor and flow processes is a practical cycle (Art 12-2), 
a mechanical simplification is achieved by substituting a throttling 
valve for the expansion machine This substitution is desirable 
because, in most instances, the small amount of work that could be 
obtained (Example 1) from an expansion engine would not justify the 
added complication and expense. In Fig 14-3, the elements of the 
yapor-compression cycle are illustrated The saturated-liquid refrig- 
erant at state a is throttled through an expansion valve (orifice) to the 
lower pressure at state h This is a constant-enthalpy process and the 
temperature of the refngerant falls to the saturation temperature at 
the final pressure because of the latent heat demanded by the partial 
vaporization The refrigerant is then further vaporized in the evapo- 
rator (6c) by cooling a flow system of brine (or air). The wet vapor 
at state c is drawn into the compressor and compressed to a tempera- 
ture Tr such that the available cooling medium can condense the vapor 
in the condenser {da) The cycle is thus completed 
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Fio 14-3 Elements of the vapor-ooxnpression refngeration cycle 

In the real system, temperature differences will exist and all the 
processes will be irreversible Figure 14-4* depicts some of these 
effects In Fig 14-4a, the temperature Ta at the end of the throttlmg 
process (a6) is lower than the temperature of the cold body The 
real compression process is irreversible, and the final state d lies (most 


d 




(a) (b) 

Fxo 14-4 Irreversibilities in the vapor-compression refrigeration cycle 

often) in the superheat region at a temperature above Tr The gas is 
cooled and condensed in the condenser while the saturated liquid (e) 
IS subcooled to a temperature (a) quite close to that of the cooling 
medium, To In either the real or the ideal system and for a particular 
refrigerant, the pressure in the condenser is controlled by the tempera- 
ture of the available coolant while the pressure in the evaporator is 
determined by the desired refrigeration temperature 

The rate of vaporization of the refrigerant in the evaporator will 
• In Fig 14-4 both the Tb and the ph diagrams for the cycle are shown, and 
m subsequent work in this chapter the ph diagram will frequently be used 
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depend on the temperature difference (At, Fig. 14-4a) and also on the 
tune and surface available for transfer of heat from the refrigerated 
medium The refrigerant entering the compressor may be wet or dry 
vapor, the state being controlled by the method of vapor take-off 
from the evaporator as well as by the mass flow rate, which is governed 
by a control mechanism on the expansion valve. The compression 
IS said to be wet, 'partially dry, or dry depending on the relative position 
of the compression path to the superheat region ^ Calculations will 
show that wet compression gives the highest cop, but dry compression 
IS usually preferred because a greater refrigerating effect can be 
obtained per unit of mass flow. 

In small machines the reciprocating-piston type of compressor is 
frequently used although for low-pressure (and therefore large-volume) 
work a centrifugal or a rotary compressor has the advantage of being 
able to handle a greater mass flow rate for a given physical size 

Example 2; Determine the condenser and evaporator pressures for carbon 
dioxide, methyl chloride, and ammonia under the same conditions as m Example 1 

Solution The temperature in the condenser is 80 F and in the evaporator is 
40 F The saturation pressures corresponding to these temperatures are as 
follows (Figs III, IV, and Table XV, Appendix') 


Fluid 

Saturation pressure 

Saturation pressure 

at 40 F, psia 

at 80 F, psia 

Carbon dioxide, CO 2 

568 

969 

Methyl chloride, CHsCl 

43 25 

86 26 

Ammonia, NHa 

73 32 

1 153 


Although the pressures in the CO 2 system are extremel> high, it would be found 
that the specific volume of gas is low and therefore the size of equipment is small 
(Table 14-1) 

In analyzing the flow processes of the vapor-compression cycle, the 
following quantities may be calculated (all subscripts refer to Fig. 
14-4)* 

Expansion Valve 

Q-W-=Ah = 0 

ha = h 

ha — (hf + xhfg)b (14-6) 

* If the compression path lies entirely within the superheat region, the com- 
pression IS dry, if the path lies entirely within the two-phase region, the compression 
IS wet 
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Evaporator 

Compressor 


Q ^ W — Ah and TT = 0 
Qa ^ hh 

Q ^ Ah 

W,a = -{ha - K) + Q,a 
{Q rejected is negative, by convention.) 


If compression is isentropic, 

T«v ~ — {hd hc)t 


Condenser 


Q - W Ah and IT = 0 
Q B — ha hd 


Coefficient of Performance 

Qa 


he hjf 


- W {hi - K) - Q,i 

Mass Flow Rate of Refrigerant per Ton of Refrigeration 


m — Ibm/min ton = 


200 Btu/min ton _ 200 


Q^Btu/lbn 


he — hh 


(14-7) 

(14-8) 

(14-9) 

(14-10) 

(14-11) 

(14-12) 


Compressor Capacity per Ton of Refrigeration 

r'ofm/ton = r?i(lb„,/min ton)y(ftVlbn») = mv (14-13) 

V = specific volume of refrigerant at compiessoi inlet 


Horsepower Required per Ton of Refrigeration 

. _ 12,000 Btu/hr ton _ 4 71 

P/ on - ^2544 Btu/hp-hr)cop cop, 


(14-3) 


Example 3: A refrigeration system uses ammonia as the refrigerant The 
temperatures in the evaporator and condenser are, respectively, 5 and 86 F, the 
vapor entering the compressor is saturated, and the hquid entering the expansion 
valve IS saturated, compression is isentropic For these conditions find (a) the 
heat and work transfers for each process, (h) the cop, (c) horsepower per ton, 
(d) ideal cop, (c) relative efficiency, (/) mass flow rate, {g) compressor capacity 
Solution : The properties at each state of the cycle will be found by means of 
Table XV (Appendix) and by calculation (subscripts correspond to Fig 14-3, 
although in this problem state d lies in superheat region) , 

Pa ** 169 2 psia io = 86 F ha — 138 9 Btu/lbm 
p, - 34 27 * 5 K ^ 613 3 

«« - 1 3253 Btu/lb«R Vc “ 8 150 ft»/lb„ 

Also, 


h ^ ha ^ 138 9 Btu/lb, 


(14-6) 
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Since the entropy at state d is equal to that at c, interpolation of the superheat 
values m Table XV shows that 


Pd 


169 2 psia 


211 F hd = 713 4 Btu/lb« 


With these values, the work and heat transfers can be found 

a. 

Qa “ Qkc k, (14-7) 

= 613 3 - 138 9 474 4 Btu/lb„ Am 

Qr ** Qda ^ ha — hd (14-10) 

= 138 9 - 713 4 « -574 5 Btu/lb« Am 

Wed {hd- K)euc (14-9) 

« -(713 4 - 613 3) =» -100 1Btu/lb„ Ana 
or 

Wed Q A + 

6 The coefficient of performance equals 


cop = 


Qa 


474 4 


-W 100 1 
r The hp ton'^ of refrigeration equals 

4 71 


4 74 Ana, 


Hp/ton 


cop 
4 71 
4 74 


= 0 995 


Am 


d The Carnot or ideal cop equals 
Ta 


top = 


To - Ta 
464 7 


545 7 - 464 7 

e The relative efficiency equals 

COPaotual 


5 74 


ilns 


VrC 


COpcarnot 

i|l-0 82e 


Am 


f The mass flow rate per ton of refrigeration is 
200 


Qa 

200 


0 422 lb„/min ton Am 


(14-3) 


(14-4) 


(14-6) 


(14-12) 


474 4 

g The required compressor capacity is 

C = mv (14-13) 

« 0 422(8 150) « 3 44 cfm/ton Ana, 

These values differ somewhat from those shown in Table 14-1 because the two 
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% 

f 


V 

c- 

Q 55 iO w w iQ N 

O 00 tJh X 00 00 00 

^ o o o o o o 

of rt 

fS ^ 

0 821 

0 97 

1 84 

1 00 

1 00 

0 97 

0 99 

cop 

X W O 00 
r>. lo r- 00 tN, 

iO ^ ^ ^ 

Pressure 

ratio 

CO N X 

1 — ( o va co X 

ffc tH CO iC 

Con- 

denser 

pressure, 

psia 

CV| 05 O X 

05 ^ 05 X 

X to O 05 lO CO 

o ^ ^ 

Evapo- 

rator 

pressure, 

psia 

_ . . 

34 28 
339 

26 5 

21 2 

43 7 

11 81 

Com- 
pressor 
capacity, 
cfm ton”‘ 

^ 05 lO 

05 X 00 eo « 

o CD CO 05 

is s U " 

1 1 1 

0 422 

3 68 

3 92 

1 43 

1 40 

1 39 


1 285 

1 304 

1 14 

1 28 

1 14 

1 29 

fl - . -i‘ 

ja va 2 

CQ 

X to IC Ttt 

lO 05 Q 05 05 

CD X 00 CD <0 

Wa ^ ^ r-l ^ 


17 0 
44 0 
120 9 
50 5 
44 1 
64 1 

Refngerant 

Any fluid, Carnot cycle 
AmmoniA 

Carbon dioxide 

Freon, F-12 

Methyl chlonde 

Propane 

Sulphur dioxide 
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superheat states listed in Table XV (Appendix) do not allow precise evaluation 
of intermediate states 


The real cycle contains an irreversible throttling process and, also, 
varying degrees of superheat Since these variables are governed by 
the characteristics of the fluid and not directly by the evaporator or 
condenser pressure, the cop of different refrigerants will not be the 
same. In Table 14-1 comparison is made of different refngerants. 

Example 4 : For the data of Example 3, calculate the work of compression, but 
assume that the refrigerant is an ideal gas with molecular weight that of ammonia 
Solution : The isentropic work to compress a perfect gas m a flow process equals 

-‘1 


And, with values from Table VI (Appendix), 


TVrev 


1 29(1 986)464 7 
(17 024) (-0 29) 
-104 2Btu/lb,„ 


[(4 94)0 
A71S 


1 ] 


The answer found m Example 3 was 

ITrev = -100 1 Btu/lb^ 


and the error is 4 per cent This method can be used when tables of properties 
are mcomplete or not available 

14-4. Properties of Refngerants. It is desirable from practical as 
well as theoretical considerations that the refrigerant should exhibit 
certain characteristics The properties of the ideal refrigerant would 
show the following qualities (compare with those for an ideal heat- 
engine fluid, Art. 12-4) : 

1. The latent heat of vaporization should be large, and the heat 
capacity of the liquid should be small because then the mass 
flow rate would be low. Note that, the smaller the heat capacity 
of the liquid, the less will be the vaporization during throttling 
and therefore the greater the amount of heat that can be 
abstracted from the cold source. 

2. The critical point should be above the highest operating temper- 
ature, for then the fluid after compression is close to the two- 
phase region where condensation can take place at constant 
temperature; not only are heat-transfer rates better in the two- 
phase region, but also the irreversibility of a temperature 
difference is reduced by the constancy of temperature 
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3 The vapor pressure in the condenser should not be high. High 
pressures increase design costs and maintenance 

4 The vapor pressure in the evaporator should be higher than 
atmosphenc pressure This would prevent air from leaking into 
the system and so increasing the amount of work that must be 
supplied to the compressor for a definite amount of refrigeration 
Air in the system also adversely affects the rate of heat transfer 
The humidity in the air is especially troublesome because the 
water tends to freeze in the smallest section of the system, the 
expansion valve. 

5 The entropy of the saturated vapor should not change markedly 
with pressure, or else it should increase slightly as the pressure 
increases because then the refrigerant can enter the condenser 
as a wet or saturated vapor 

6 The properties of the fluid should be conducive to high rates of 
heat transfer in order that both surface areas and temperature 
differences can be small in the heat exchangers 

7. The refrigerant should be cheap in cost, stable, nonexplosive, 
and noncorrosive under all conditions of operation, and non- 
poisonous for safety of personnel 

No refrigerant is known that possesses all these properties, but 
certain fluids have qualities that are particularly suited for special 
applications A few of these fluids are listed below and m Table 14-1 

Anhydrous ammonia is the most widely used refrigerant because 
of its high latent heat, moderate pressures, and small compressor 
capacity (Table 14-1) The evaporator pressure is above atmosphenc 
in the usual installation where temperatures below —28 F are not 
demanded On the debit side, ammonia, while noncorrosive to the 
ferrous metals, is corrosive toward brass and bronze; ammonia is 
toxic and, also, irritating to the eyes, nose, and throat (Table XV, 
Appendix) 

Freon 12 {F-12) (dichlorodifluoromethane CCI 2 F 2 )* is used pnn- 
cipally in air-conditioning installations and small refngerators where 
low toxicity is especially valued Although its latent heat is low, thus 
requiring a high mass flow rate, the cop is essentially the same as for 
ammonia (Table 14-1, and Table XVI, Appendix). 

Methyl chloride (CH3CI) is quite similar in properties to Freon but 
IB somewhat toxic It is used principally in commercial refrigerators 
(Fig IV, Appendix) 

* This structural name indicates that two chlorme and two fluorme radicals 
have replaced hydrogen m the compound methane (CH4), 
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Carbon dioxide (CO 2 ) has been used quite extensively on shipboard 
as a refrigerant because of its nontoxic properties. However, the high 
pressures in the system and the low cop have decreased its popularity 
with the advent of the Freon refrigerants (Fig III, App>endix) 

Sulphur dioxide (SO 2 ) is a popular refrigerant for the household 
refngerator because of the low pressures in the cycle; it is somewhat 
more toxic than the other refrigerants. 

14-5. More Complex Vapor-compression Systems, a Cascade 
System At temperatures lower than —20 F, the pressure ratio for 
the simple refrigeration system is high, and therefore the temperature 





Fia 14-6 Cascade system of refrigeration 


after compression may be considerably higher than the condensation 
temperature since compression occurs in the superheat region (Fig 
14-4a) Moreover, if the refrigerant is selected to give a moderate 
pressure in the evaporator, the condenser pressure will be correspond- 
ingly higher, if selection is made to hold low pressures in the condenser, 
the pressure in the evaporator may be far below atmosphenc These 
faults can be eliminated in part by using a cascade system (Fig 14-5) 
In the cascade system two (or more) simple cycles with different 
refngerants are operated in series, the condenser of the low-tempera- 
ture cycle serving as the evaporator for the high-temperature cycle 
The cascade system is especially advantageous when refrigeration is 
demanded at two different temperature levels. 




"For this system, 
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Qa ^ (^cl 

w = Wi+ Wi ^ {Ki - hdi)mi + (^C 2 - ha2)m2 (14-14) 


An energy balance can be made on the intermediate condenser- 
evaporator 

7Tl2{hic2 ^ 62 ) ^al) (Q> 0) 

Hence 


7TI2 hdl — hal 

TTlri ^c2 ^^2 


(14-15) 


Example 6: A refrigeration system is required to maintain an evaporator 
temperature of —40 F with a condenser temperature of 80 F Determine the 
probable performance of refrigerants Freon F-12 and methyl chloride (a) when 
used in a simple cycle and (6) when used m a cascade system 

Solution : 

a Simple Cycle If Freon F-12 is the refrigerant in a simple cycle between 
—40 and 80 F, then, from Table XVI (Appendix), 

ha =* 26 28 Btu/lbm pa = 98 76 psia « 80 F (saturated liquid) 

hb * ha 

he = 73 50 Btu/lbm pc = 9 32 psia ic = 40 F (saturated vapor) 

8c « 0 17617 Btu/lb™ F 


Interpolation in Table XVI (Appendix) shows that, after isentropic compression, 

hd « 91 58 Btu/lbt» pd = 98 76 psia Id — 110 F (superheated vapor) 
With this data, 

IF = Ac - Ad = 73 50 - 91 58 - -1808 Btu/lb,„ Ans 
Qa = he - hb 73 50 - 26 28 = 47 22 Btu/lb„. Ans 
Qa 47 22 . 

= lg08 

Hp/ton = = 18 hp/ton Ath 

The properties of methyl chloride are found from Fig IV (Appendix) 


A„ - 44 36 BtuAbm 
A6 “ Ao 

Ac == 190 66 Btu/lb«» 
Ad “ 244 3 Btu/lb„ 


Pa = 86 26 psia ta — 80 F (saturated hquid) 


Pc = 6 878 psia te = — 40 F (saturated vapor) 

Pd — 86 26 psia td — 245 F (superheated vapor) 


And 


W 

Qa 


he **“ Ad 
he — hb 


cop 


Hp/ton 


190 7 - 244 3 - -53 6 Btu/lb« 
190 7 - 44 4 « 146 3 Btu/lb« 
Qa 14^ 

” -TV 
4 71 
cop 


2 73 


53 6 
■■ 1 73 hp/ton 


Ans 


Ans 


Ans 

Ans 


b Cascade System Here methyl chloride will be used in the high-temperature 
cycle and Freon in the low-temperature cycle A temperature difference of 10 F 
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will be assumed to be present m the intermediate heat exchanger The tempera- 
ture range for each refrigerant will be arbitrarily set at 

Freon —40 to -1-20 F 

Methyl chloride -hlO to +80 F 

With Freon F-12 

hai “ 12 55 Btu/lbff, foi = 20 F poi = 35 75 psia (saturated liquid) 

kbi ** hoi =* 12 55 Btu/lbw 

hci — 73 5 Btu/lbrn td — —40 F * 9 32 psia (saturated vapor) 

hdi “ 83 35 Btu/lbm tdi = 40 F pdi 35 75 psia (superheated vapor) 

With methyl chloride 

hoj =* 44 36 Btu/lbT,» ta 2 = 80 F Po 2 = 86 26 psia (saturated liquid) 

hi * ho2 = 44 36 BtuAbm 

hc 2 = 197 58 Btu/lbm <c 2 = 10 F pc 2 ^ 23 G psia (saturated vapor) 

hd 2 “ 224 0 Btu/lbm fd 2 = 160 F Pd 2 = 86 26 psia (superheated vapor) 


The relative mass flow rates of the two cycles are found by Eq (14-15) 

m2 __ hdi — hai __ 83 35 — 12 55 
mi hci — 197 58 — 44 36 

_ n /1C1 methyl chloride 

" ^ ib;rfw 


With these values, 


Qa = miihci - hi) = 73 5 - 12 55 * 61 0 Btu/lbm F-12 Ans 
W = mi(hci — hdi) + m2{he2 “ hd2) 

= 73 5 - 83 35 + 0 461(197 58 - 224) 

= —22 Btu/lbm F-12 Ans 

Hp/ton = = 1 70 hp/ton Ans 

Comparison of the answers shows that the cascade system has the highest cop 
Whether or not this is the maximum value could be decided by making several 
other trial calculations with different mterstage temperatures Note that the 
cascade system allows the evaporator pressure to be the higher value given by 
the Freon while the condenser pressure is the lower value given by the methyl 
chloride In this instance the advantage is slight because the choice of refrigerant 
was bmited to the tables m the Appendix, a better combination would be Freon 
F-22 and sulphur dioxide 

h Multiple-compression System with Water Inter cooling It has 
been demonstrated (Art 8-9e) that the work required to compress a 
gas IS directly related to the initial temperature, and that when the 
pressure ratio is high, two stages (or more) of compression witlf an 
intercooler become desirable But in the refrigeration cycle the Pool- 
ing medium, which is usually air or water at atmospheric temperature, 
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is not much cooler than the condenser temperature at the high dis- 
charge pressure, and intercooling may be impractical In Fig 14-6, a 
two-stage vapor-compression system with intercoolmg is illustrated 
Here the vapor leaving the first-stage compressor can be cooled to some 
degree (de) but not to the saturated-vapor state since the temperature 
of this state is below the coolant temperature (the temperature of the 
saturated vapor at pressure a or is presumed to be close to the temper- 
ature of the coolant). 



, 2/7^/ stpige 
' compressor 

e ^2 
Intercooler 

^st stage 
Compressor 

W, 



Fig 14*6 Two-stage vapor-compression cycle with intercooler 


c MtiUtple-compresszon System with Flash Chamber As the liquid 
refrigerant is throttled through the expansion valve, a portion of the 
liquid lb vaporized This vapor passes through the evaporator without 
further change in state and therefore without refrigerating the cold 
source The compressor, then, must compress the flash vapor and 
also the “ working vapor that is formed by absorption of heat from 
the cold reservoir To relieve the compressor of the flash vapor, a 
two-stage system and flash chamber are used (Fig 14-7) Here the 
liquid 18 expanded (ah) to the intermediate pressure and the flash vapor 
(j), which IS useless for refrigeration purposes, passes to the second 
stage where it is compressed back to the condenser pressure ^ The 
liquid portion of the refrigerant in the flash chamber passes through 

^ Although (1 + m) lb TO of refrigerant undergoes the throttling process repre- 
sented by path ah m Pig 14^7b, the sequence of states visited by 1 Ib^ of the fluid 
lies along the saturated liquid line oc, the sequence of states visited by m Ibm of 
the fluid in the same process is not so readily described because at each pressure 
the state is changmg from that of saturated liquid to that of saturated vapor 
Thus, the mechanical separation process that divides the two-phase mixture at b 
into saturated liquid (c) and saturated vapor (j) cannot be shown on a property 
diagram In effect, m Ib^ of refrigerant passes through the cycle ajika while 
1 Ibm passes through the cycle acdehika 
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the second expansion valve and drops to the final pressure (cd). Thus^ 
the final state d of the fiuid is at a lesser quality than b\ a state that 
would have been attained by a single expansion to the evaporator 
pressure Less work need be supplied since the flash vapor removed at 
the intermediate pressure ratio need only be compressed over a part 
of the pressure ratio 



For this system, with calculations based upon 1 Ibm of refngerant 
through the evaporator, and m Ibm of flash vapor, 

Qa = {he — hd) 

w Wi + W 2 == (he - hn) + (1 + 7n){K - h) (14-16) 

The quantity m can be determined from an energy balance on the 
expansion valve and flash chamber 


(1 + m)ha — mhj + K 
he ha 

^ ~ I r = 1 

/ifl fl, 1 tVb 


(Q, W = 0) 

(14-17) 


where Xb = quality of vapor at state b 


In the process of mixing flash vapor with superheated vapor at con- 
stant pressure, the superheated vapor is cooled (hi) while the saturated 
vapor IS superheated (ji) An energy balance at the mixing point 
shows that 


A. = 


mh) + hh 
1 + m 


(14-18) 


Example 6: For the data of Example 5, suppose that a two-stage system and 
flash chamber are used with methyl chloride as the refrigerant Determine the 
cop and horsepower per ton of refrigeration Assume that the mtermediate 
pressure has the same value as for methyl chJonde m (b) of Example 5 
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Solution ; With data from Example 6 and Fig. IV (Appendix) but with eub- 
scilpts from Fig 14-7, 

he « 44 36 Btu/lbtn po “ 86 26 psia 

hb ^ ha Pb = 23 6 psia 

he « 18 04 BtuAbm hft, « 179 54 Btu/lb^ 
hj « 197 68 Btu/lbm (saturated vapor) 
hi = he 

he “ 190 66 Btu/lb„ p* = 6 878 psia 

hh — 213 5 Btu/lbm pn ** 23 6 psia 

The quantity m equals 

(14-17) 

0 1715 Ibm flash vapor 

^ Ibm liquid to evaporator 


he ~ ha 
ha “ hj 

18 04 - 44 36 
44 36 - 197 58 


ta ■« 80 F (saturated liquid) 
ib “ lOF 

te B 10 F (saturated hquid) 


te =s — 40 F (saturated vapor) 
« 90 F (superheated vapor) 


The enthalpy at i equals 


mhj + hh 

“ 1 + m 

0 1715(197 58) + 213 5 
* 1 1715 


211 Btu/lb« 


The vapor at state z, with enthalpy of 211 Btu lbm”i and pressure of 23 6 psia, is 
isen tropically compressed to 86 26 psia From Fig IV (Appendix), 


hk = 241 25 Btu/lb„ 
Then, 


pk — 86 26 psia tk = 233 F (superheated vapor) 


Qa = (he - hi) = 190 66 - 18 04 = 172 62 Btu/lb„ 

W ^ (he - hk) + (1 + m)(h, - hk) (14-16) 

« 190 66 - 213 5 + 1 1715(211 -- 241 25) « -58 3 Btu/lb« 

Qa 172 62 

cop - 


Hp/ton = 


-W 
4 71 ^ 
cop 


58 3 


= 2 96 


Ans 


= 159 hp/ton 


Ans 


Thus, the performance of the cycle has been improved by the flash chamber 

d Multiple-compression System with Intercooler — Closed Subcooler 
Figure 14:-8 illustrates a system that employs intercoolmg with 
refngerant to reduce the work of the second-stage compressor and also 
to subcool the liquid flowing to the second expansion valve and evapo- 
rator In this system m Ibm of refrigerant pass through the auxiliary 
expansion valve to the mtercooler while 1 Ibm passes through the mam 
expansion valve to the evaporator ^ 


^ Here m Ibm of refrigerant pass through cycle abtka while 1 Ibm passes through 
cycle acdekika 
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The quantity m is determined by an energy balance on the inter- 
cooler. 

mha + fta + ^/i = (1 + + he (Q, TT = 0) 

m = ~ (14-19) 

ha — hi 


In this case m is not uniquely determined as it was in the flash- 
chamber cycle, various amounts can be bled from the mam stream to 
control the state at i 


^nmcoo/er 




l«ia 14-8 Two-stage vapor-compression cycle with closed intercooler 




Fig 14-9 Two-stage vapor-compreasion cycle with open intercooler 

e Multi'ple''Com'pTession System with Intercooler — Open Subcooler 
Another variation of the two-stage mtercooled system is shown m 
Fig 14-9 Here the flash vapor from throttling is augmented by the 
vapor formed by cooling the superheated refrigerant from the first- 
stage compressor. Thus, the intercooler is also a flash chamber In 
this system m Ib^ of refrigerant pass through the cycle aika while 
1 Ibm of refrigerant passes through the cycle acdehika 
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14-6, Vacuum Refrigeration. Water is, without doubt, the safest 
as well as the cheapest vapor refrigerant although the cycle tempera- 
tures must ordinarily be above 32 F For certain processes, notably 
air conditioning, low temperatures are not needed and water can be 
used as the refngerant although the pressures in the system are sub- 
atmospheric (Example 1) and the vapor volumes are large To 
handle the large volume of refrigerant, an ejector (Art 9-18) is gen- 
erally used although a centrifugal pump (Art 3-6c) is a possible 
substitute 

In Fig 14-10, relatively warm water is sprayed into di. flash chamber 
that IS maintained at a low pressure by an ejector or pump A small 
portion of the water flashes into steam, and the latent heat of vaporiza- 
tion so demanded is supplied by the water (the flash chamber is 
insulated to reduce heat transfer from the surroundings). Thus, the 
water is cooled to the saturation temperature dictated by the pressure 
The chilled water is then pumped to the point where it is required, and 
the warmed water returned to the flash chamber for cooling 



Fig 14-10 Vacuum refrigeration system 


The vapor withdrawn from the flash chamber by the ejector or 
pump IS compressed and delivered to the steam condenser (Fig 14-10) 
Here the pressure, as in the flash chamber, is far below atmospheric, 
the particular value being determined by the temperature of the avail- 
able cooling water (Example 1) 

The vacuum system, using steam-jet ejectors, has few moving 
parts because a mechanical compressor is eliminated This simplifica- 
tion, along with the cheapness and nontoxicity of water, makes up for 
the inefficiency of the ejector And if waste steam is available, at 
pressures above 5 psia (and preferably, much higher), a water-vapor 
system becomes highly desirable 
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An energy balance can be made on the flash chamber to show the 
refrigeration 

m\hi — m2^2 + rrizhz (Q, TT = 0) 

Since 

Wi = m 2 + ma 

then, 

^ 2(^1 — ^ 2 ) ” TYlzQlz — hi) 

And the refrigeration is 

Qa = 7712(^1 — / 12 ) = rriiihi — hi) ( 14 - 20 ) 


Example 7 : A vacuum system produces 200 gal min“^ of chilled water at 40 F 
with return water at 55 F The vapor leaving the flash chamber has a quality 
of 0 98, and the temperature m the condenser is 90 F Determme (a) the pressure 
m flash chamber and condenser, and pressure ratio, (b) the refrigeration capacity, 
(c) the amount of make-up water, and (d) the volume of vapor entering ejector 
Solution ; 

a The vapor pressure of water at 40 F is the pressure m the flash chamber 
From the Steam Tables, 

p = 0 12170 psia Ans 

The vapor pressure at 90 F is the pressure in the condenser 


p ~ 0 6982 psia Ans 

The pressure ratio equals 

pcondenwer _ 0 6982 _ — ^ 

^ “ P.vapon.tor “ 0 12170 " ^ 


Ans. 


^ The mass flow rate equals 

= 200 (^) ^ (^) 0 1338 (l;) = 1,670 lb„/mm 


And the refrigeration is 


Qa ** 1712(^1 — ^ 12 ) “ 1670(15 02) = 25,100 Btu/min Ans 

or 125 5 tons Arts 


c The mass of vapor entermg the ejector is found by Eq (14-20) 
Qa = THaihs — Ai) = 25,100 Btu/mm 


where 

/ii 

Hence, 


8 05 + 0 98(1071 3} = 1058 Btu/lb„ 
23 07 Btu/lbm 


ms 


26,100 

1035 


24 25 Ibm/xnin 


Ana. 


This IS also the quantity of make-up water required 
d The specific volume of the vapor at 40 F is 


V « 0016 -h 0 98(2,444) « 2,396 ft»/lb« 
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and 

C - mt; - 24 26(2,395) - 68,100 ftVmm Am, 

14-7. Absorption Refrigeration. It has already been remarked 
that the work necessary to compress a liquid is but a small fraction of 
that required to compress a gas (Art 3-66). Thus, the work supplied 
to the refngeration system could be reduced if the refrigerant were 
pumped to the condenser pressure as a liquid rather than as a gas A 
means of achieving this objective is offered by the absorption system 
(Fig 14-11) Here as in the compression system, the refrigerant 
passes from condenser to expansion valve to evaporator But, unlike 
the compression system, the vapor issuing from the evaporator is 
dissolved in a cold solvent in the absorber, this liquid solution is then 
pumped into the high-pressure generator where the solution is heated 
The refrigerant is thus liberated from the solution and passes to the 



Fio 14-11 Basic eJements of the absorption TeirigeTation system (cycle). 

condenser while the solvent returns to the absorber Of course, the 
solvent must be able to hold in the cold solution a greater amount of 
refngerant than in the hot solution 

An aqua-ammonia solution is generally used (ammonia as the 
refrigerant, water as the solvent) in the absorption system The 
ammonia vapor entering the absorber is dissolved in relatively cold 
(80 to 90 F) water Heat is liberated in the process and cooling coils 
are necessary to maintain the low temperature The cold solution of 
water and ammonia (called the strong aqua) is pumped to the generator 
where it is heated (200 to 300 F) The hot solution cannot hold as 
much ammonia as the cold solution; hence, ammonia vapor is liberated 
and passes to the condenser. The hot and therefore weak solution of 
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ammonia and water (called the weak aqua) is then throttled back to the 
absorber to be cooled and strengthened 

The simple system of Fig 14-11 would deliver not only ammonia 
but also a large amount of water to the condenser To improve the 
performance, a more complicated system must be used Figure 14-12 
shows the ammonia vapor being withdrawn from the evaporator F 
because of the continuous removal of the ammonia vapor in the 
absorber G The strong aqua from the absorber is pumped {H) 
through a heat exchanger / before entering the analyzer B In the 
analyzer, the strong solution is heated while the gas from the generator 
IS cooled, and, in this cooling, water vapor more than ammonia vapor 
is condensed The gas leaving the analyzer thus has a high percentage 
of ammonia vapor Sometimes a second cooler, called the rectifier 



Fia 14-12 An absorption refrigeration eystem (from Porry, J H , “Chemical Engi- 
neering Handbook, ** McGraw-HiU Book Co ) 


(not shown in Fig 14-12), is placed before the condenser The rectifier 
IS simply a precondenser that by cooling the gases removes a greater 
percentage of water than of ammonia The condensate, or drip, from 
the rectifier is returned to the generator via the analyzer. The gases 
finally entering the condenser C are thus primarily ammonia. 

Although the amount of mechanical energy supplied to the absorp- 
tion system is small, the amount of thermal energy greatly exceeds 
the energy requirements irf the compression system, and a larger 
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amount of cooling water is required For these reasons the absorption 
system is rarely used unless waste heat is available, say, low-pressure 
exhaust steam from the power plant A rational cop is found by 
dividing the refrigeration by the sum of the work plus the availability 
of the heat supplied 

14-8. The Refrigeration Cycle as a Heat Pump. The heating of 
buildings is an ever-recurring engineering problem A building can be 
heated by burning fuels or by dissipating work, as, for example, when 
an electric current passes through a resistance heater Electric- 
resistance heating, while convenient, is the ultimate degradation of 
energy, for here available energy is used to produce only heat Con- 
sider that in the power plant a fuel is burned and work is obtained m 
amount seldom as much as 25 per cent of the heat of combustion of the 
fuel Then, the work must have value at least four times that of the 
heat used to produce the work Because of this fact, the average 
building can be heated more cheaply by direct firing of an expensive 
fuel in an inefficient furnace than by irreversibly using electrical 
energy that was produced by burning an inexpensive fuel m an efficient 
furnace 

Even when the electrical energy is produced by water power, the 
use of such energy for an irreversible heating purpose may be more 
expensive than direct firing of fuel The cost of electrical energy 
includes not only the cost of any fuel used but also the fixed costs of the 
installation and the distribution costs. 

The remedy is to replace the highly irreversible electric-resistance 
heating process with a process that can at least approach reversibility 
Since work in the form of electrical energy can be derived from a 
heat-engine cycle, then the cycle can be reversed and heat obtained 
by supplying work By this means the ratio of performance is reversed 
and the amount of heat received can be many times the amount of 
work added Consider the familiar Carnot cycle of Fig 14-13. 
Here, for every unit of heat added to the cycle, work is obtained of 
amount equal to 

W = 


660 - 460 ,,, 
560 


== 0 178 units 


But this cycle can be reversed to act as a heat pump , work of amount 
0 178 unit can be supplied, and 1 unit of heat will be received at the 
higher temperature Thus, for the heat pump the coefficient of per- 
formance 18 defined as 


cop 


heat delivered _ Qr 
work supplied W 


(14-21) 
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or 5 61 units of heat can be obtained by supplying 1 unit of work 
to the cycle Compare this answer with the 1 unit of heat that 
would be received by direct conversion of electrical energy in a resist- 
ance heater 



s 


Fio 14-13 The ooefEcients of performance of the reversed Carnot cycle 

Although the heat pump is a refrigeration cycle, the coefficients 
of performance defined by Eqs (14-2) and (14-21) differ Comparison 
shows that 

COphemt pump COpretnfteration ”1” 1 (14“22) 

It IS unfortunate that a heat pump can have two different coefficients 
of performance 

The reversed heat-engine cycle is called a refrigerator (and, also, a 
heat pump) when the evaporator is used for cooling purposes as shown 
in Fig 14-14a, the same cycle is called a heat pump (but not a refrig- 
erator) when the condenser is used for heating purposes as shown m 
Fig 14-14& A combined system that serves as a heat pump in the 
winter and a cooling system in the summer is illustrated in Fig 14-15 
Here the system consists of a heat exchanger A, a condenser By an 
expansion valve C, an evaporator D, and a compressor (not shown). 
The refrigerant (Freon F-12) is circulated through compressor, con- 
denser, expansion valve, and evaporator In the heating cycle the 
cooling water from the condenser passes through the heat exchanger 
alone and warms the supply air, which is also humidified by the spray 
humidifier The evaporator is supplied with water from a deep well, 
and therefore the temi>erature of this water is higher than the outside 
air temperature This high-temperature water increases the coefficient 
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of performance. In the cooling cycle the well water is pumped through 
the evaporator and cooled to a low temperature , it then enters the heat 
exchanger, which is now a cooling section The water leaving the 
heat exchanger passes through the condenser before returning to the 
ground This is an example of a water-to-water design, water is used 
to heat the evaporator and also to cool the condenser 



Fio 14-14 The reversed Carnot cycle as a refrigeration c^cle and as a heat pump 
cycle (a) Refrigerating, (6) Heating 


In the installation described in the previous paragraph, water 
passed over the evaporator of the heat pump and so transferred heat 
to the cycle The temperature of the water is frequently above the 
temperature of the atmosphere because the temperature of the earth 
does not markedly change with changes in climatic conditions (In 
the Chicago area, a well 60 ft in depth will supply water at a tempera- 
ture of about 50 F ) Where well water is not available, or where 
withdrawal of water with consequent lowering of the water table is to 
be avoided, a heat exchanger can be buried in the earth The heat 
exchanger can be a vertical U tube running several hundred feet 
below the surface of the earth A small quantity of liquid can be 
circulated through the heat exchanger and the evaporator, the water 
being heated in the heat exchanger by the relatively warm earth 
and cooled in the evaporator by the cold refrigerant 

In the winter the surface temperature of the earth decreases m 
pace with the air temperature as the winter progresses, but the temper- 
ature below the surface will lag the air temperature because of the heat 
capacity and thermal resistance of the earth Thus, the lowest tern- 
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perature reached at a depth of 20 ft may occur more than a month 
after the lowest air temperature of the winter has been experienced 
Too, under strong sunlight the ground surface temperature may be 




Fia 14-15 Water-to- water combined heat pump and cooling system (from reference 6) 


much higher than the air temperature because of the absorption of 
radiant energy Thus, heat exchangers buried at shallow depths may 
prove useful 
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In regions with mild winters where the heating and coohng loads 
are approximately equal, an atr-to-air system^ can be used and the 
cost of wells or buried heat exchangers can be eliminated In this heat 
pump the outside air is used as the source of heat while air is also 
directly used to cool the condenser The refrigeration cycle is simpli- 
fied because air dampers serve as the means of control as illustrated 
in Fig 14-16 In regions with severe winters, this system is penalized 


Exhaust-air fan Condthoned-air fan Exhausf-air fan Condi fioneci-air tan 



HEATING CYCLE COOLING CYCLE 

Fig 14-16 Air-to-air heat pump and cooling system. 


because the capacity provided for winter heating must be greater than 
the capacity required for summer cooling, too, frost will form on the 
evaporator, thus reducing the rate of heat transfer and requiring a 
defrosting system 

Returning again to the cost factor of the heat pump, recall that the 
power cycle produces work from heat, and that work in the form of 
electrical energy can be readily transported Now if the power cycle 
were to be reversed, heat would be obtained at a very high temperature 
but the cost of the heat would be far greater than the original cost to 
the power plant because all real processes are irreversible and fixed 
costs and distribution costs must be included On the other hand, for 
home heating, heat need be supplied only at moderate temperatures, 
and therefore the cop of the heat pump will be larger than the cop 
of the reversed power cycle In fact, when the thermal efficiency of 
the power plant is 30 per cent and the cop of the heat pump is 4, the 
heat obtained from the heat pump is equal to 120 per cent of the heat 
originally supplied to the power cycle The heat pump appears to be 

1 Other systems are designated as follows earth-Urair (the earth directly heats 
the evaporator and air cools the condenser) , water-to-atr (water heats the evaporator 
and air cools the condenser) 
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especially advantageous when electricity is obtained from cheap water 
power or when costs of fuels are high. For these reasons, it is difficult 
to estimate whether the heat pump can show an economic gain over 
direct firing; in most cases, direct firing is the cheai>er method. An 
indication of the relative costs is given by Fig 14-17 The heat pump 

Gas cost, cents per therm 75^-eff 
0 i 2 3 4 5 6 7 6 9 10 II 12 n 14 

Oil cost, cents pcrgol 137,000 Btu qar'75*teff 
0 I Z 3 4 5 6 7 a 9 10 n 12 (3 14 



Fio 14-17. Comparative heating costs (from reference 5) 

being a refrigeration cycle, however, offers the advantages of both 
winter heating and summer cooling, and this fact may well prove to be 
the deciding factor in future installations 

Problems 

1. A Carnot reversed cycle is used as a refrigeration system between the 
standard temperatures of 5 and 86 F Determine the coefficient of performance 
and the horsepower per ton of refrigeration 

2 . Repeat Example 3, assuming that carbon dioxide is the refrigerant 

8. Repeat Example 3, assummg that the liquid ammonia is eubcooled 20 F 
before entering the expansion valve 

4 . For the data of Example 3, assume that the temperature of the refrigerated 
space IS 20 F and the temperature of the cooling water is 70 F, determine the 
relative efficiency 

6. Ammonia is used as the refrigerant between temperatures of —40 and 
80 F The liquid leaving the condenser is saturated and the vapor entermg the 
compressor is also saturated Compression is isentropic Determine the coeffi- 
cient of performance, the horsepower per ton, and the capacity of the compressor. 
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6 . Repeat Prob 5, assuming that carbon dioxide is the refrigerant 

7 . With the data of Example 6 and Probs 6 and 5 determine what combma- 
tion of refrigerants will give the highest coefficient of performance for the cascade 
system of Example 6? 

8 . Repeat Example 6, assummg that Freon F-22 and sulphur dioxide are the 
refrigerants (Data on these refrigerants are to be obtamed from a handbook ) 

9. a For the data of Example 3, determme the compressor capacity for a 
refrigeration capacity of 26 tons 

b If a double acting, reciprocating-piston compressor is used with clearance 
of 0 05 and speed of 100 rpm, what must be the displacement of the compressor 
(see Art 8-9d)? 

10. Repeat Example 3, assummg that the isentropic compression efficiency 
IS 0 80 and the process is adiabatic 

11 Repeat Example 3, assummg that the vapor entering the compressor con- 
tains 10 per cent moisture and compression is isentropic 

12. Determme the coefficient of performance and horsepower per ton for a 
\ apor-compression system that uses methyl chlonde as the refrigerant between 
temperatures of 0 and 80 F The liquid leaving the condenser is subcooled to 
70 F, and the vapor entermg the compressor is 10 F superheated, isentropic 
compression efficiency is 0 85 per cent for the adiabatic compression 

13 . A vapor-compression cycle uses methyl chlonde as the refrigerant between 
evaporator and condenser temperatures of 20 and 100 F, respectively The 
horsepower per ton is 1 08, and the hquid leavmg the condenser is subcooled to 
90 F Determme the coefficient of performance and the quality of the vapor 
entermg the evaporator 

14 Investigate the feasibility of mstallmg an adiabatic expansion engine, with 
isentropic efficiency of 80 per cent, m the system of Prob 12 

15 A refrigeration system, with capacity of 10 tons, is to use Freon F-12 
as the refrigerant The pressures m the evaporator and condenser are to be, 
respectively, 26 and 121 psia The liquid at the expansion valve has a temperature 
of 80 F , the vapor leaving the evaporator is 5 F superheated , the isentropic com- 
pression efficiency is 85 per cent, and compression is adiabatic Determme (a) the 
mass flow rate, (6) the coefficient of performance, (c) the horsepower per ton of 
refrigeration, (d) the relative efficiency, and (e) the displacement 6f the compressor 
if the clearance is 0 05 

16 . Repeat Example 6, assummg that Freon F-12 is the refngerant 

17 Repeat Example 6, assuming that ammonia is the refngereint 

18 Repeat Example 6 for flash-chamber temperatures of 30, 20, and 0 F, 

19 A two-stage compression system has a closed subcooler and uses methyl 
chlonde as the refrigerant The conditions are the same as in Example 6 except 
that the state at t (Fig 14-8) is saturated and the temperature at state c is 5 F 
higher than the ideal temperature Determme the coefficient of performance 
and horsepower per ton of refrigeration 

20 . A two-stage compression system has an open subcooler and uses methyl 
chlonde as the refrigerant The conditions are the same as in Example 6 except 
that the state at i (Fig 14-9) is saturated Determme the coefficient of per- 
formance and horsepower per ton of refrigeration 

21 . Repeat Prob 19, assuming that Freon F-12 is the refngerant 

22 . Repeat Prob 20 but assume Freon F-12 to be the refngerant 
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23 . A vacuum system with ejector is to produce 60 tone of refrigeration by 
circulatmg at 45 F water that is warmed to 55 F The available coolmg water 
for the condenser can maintain a condensmg temperature of 100 F Determme 
(a) the mass flow rate of chilled water, (b) the amount of make-up, and (c) the 
volume of vapor removed from the flash chamber if the vapor is saturated. 

24 . Repeat Prob 23, assuming that a centrifugal compressor (adiabatic) is 
to be used with isentropic compression efficiency of 65 per cent Determme the 
coefficient of performance and horsepower per ton of refrigeration 

26. A Carnot heat pump supplies 80,000 Btu hr“^ of heat at 75 F when the 
outside temperature is 32 F Determine the coefficient of performance, the power 
required to drive the pump, and the power required for electric-resistance heating 
(kilowatts) 

26 A vapor-compression system with Freon F-12 as the refrigerant is to be 
used as a heat pump to supply 80,000 Btu hr~^ at 75 F The outside temperature 
IS 32 F, and a 10 F difference is present between evaporator and outside air, and 
also between condenser and circulatmg air for heatmg The vapor entermg the 
compressor is saturated, the compression is isentropic, the liquid at the expansion 
valve 18 saturated Determine the coefficient of performance and the cost of 
heatmg if electricity is supplied at 5 cents per kilowatthour 

Symbols 

C compressor capacity, also, a constant 
cop coefficient of performance 
cfm cubic feet per minute 
F Fahrenheit temperature scale 

h specific enthalpy 

hp horsepower 

k ratio of Cp to Cv 

m mass, also, mass flow rate m Ibm min-^ or lb,n mm'"^ ton“* 

Af molecular weight 

p pressure 

Q heat 

R Rankine temperature scale 
R specific gas constant 

Tp pressure ratio 

« specific entropy 

T absolute thermodynamic temperature 
t thermodynamic temperature 

V specific volume 

W work 

X quality of liquid- vapor mixture 

Subscripts 

A added 

/ saturated liquid 

fg change from saturated hquid to saturated vapor 

p pressure 

R rejected 

rev reversible 
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rC relative to Carnot 

I thermal 

0 surroundings 

Greek Letters 

17 rc (eta) relative efficiency 

tit (eta) thermal efficiency 
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6 Penrod, E B A Review of Some Heat Pump Installations, Mech Eng , 69 
(No 8), 639-’647 (August, 1947). (Bibhography on heat pumps is included 
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APPENDIX 

Table I — Definitions and Conversion Factors* 


OramtcUional Acceleration 

Qo * standard acceleration of gravity *= 32 1739 ft/sec* 

= 980 665 cm /sec® 

g = local acceleration of gravity 
Force 

1 poundal will accelerate 1 Ib^ at rate of 1 ft /sec® 

1 pound force (lb/) will accelerate 1 Ib^ at rate of go ft /sec* 

1 pound force (lb/) will accelerate 1 slug at rate of 1 ft/sec* 

1 gravitational lb/ will accelerate 1 Ibm at rate of g ft /sec* 

1 dyne will accelerate 1 gram at rate of 1 cm/sec* 

1 kilogram force will accelerate 1 kilogram mass at rate of go cm /sec®. 


32 1739 poundals/lb/ 

980,665 dynesAg/ 

13,825 dynes /poundal 
444,805 dynes /lb/ 

980 665 dynes /g/ 

Length 

1 cm = 0 01 meters = 0 3937 in 
1 in = 2 54000 cm 
1 ft = 12 in = 30 4801 cm 
1 yd = 3 ft 

1 mile = 5,280 ft = 1 609 km 
1 nautical mile = 6,080 27 ft 
1 meter = 39 37 m 

1 mileAour (mph) = 88 ft /min = 44 70 cm /sec 
1 knot = 1 nautical mile/hr 

1 cm = 10* microns = 10^ millimicrons = 10* angstrom umts 


1 lb/ = 32 1739 poundals 
1 kg/ = 980,665 dynes 
1 poundal = 13,825 dynes 
1 lb/ = 444,805 dynes 
1 g/ = 980 665 dynes 


* Selected from vanous sources 

1 ^ahbacli, O W “Handbook of Engineering Fundamentals/' John Wiley & Sons Ino , New 

York. 1936 

2 Perry, J H “Chemical Engineers’ Handbook,” McGraw-HiU Book Company, Inc , New 

York, 1941 

3 Marks, L 8 “Mechanical Engineering Handbook,” McGraw-HiU Book Company, Ino 

New York, 1941 

4 American Petroleum Institute Research Project 44, National Bureau of Standards, Wash 

ington D C , 19^4 
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Temperature 

F - 1 8 C + 32 
p ^ F - 32 
^ 1.8 

degree Rankine (R) ■« F + 459 69 
degree Kelvin (K) ™ C + 273 16 

Maes Equivalents 

1 dram (dr) (avoirdupois) 

1 ounce (oz) (avoirdupois) 

1 lb„ » 453 592 gm 
1 ton (short) 

1 gm 

1 kg„ 

1 slug 

Pressure Equivalents 

1 lb//in » = 2 03601 in Hg at 32 F = 2 307 ft H 2 O at 4 C * 0 0703067 kg/ /cm* 
1 in Hg « 33,864 dynes /cm* = 0 0334211 atm =* 25 4000 mm Hg 

« 0 491157 lb//in * 

1 Jb//ft* = 4 882 kg//mm* 

1 kg/ /cm* * 14 2234 lb//m * 

1 atm (standard) =» 14 6960 lb/,^n.* ■» 760 mm Hg at 32 F 

= 29 9212 in Hg at 32 F 
» 1 03323 kg//cm» « 1,013,250 dynes/cm* 

33 934 ft HaO at 60 F 

1 bar ■■ 10® dynes /cm* 

Absolute pressure = barometric pressure + gauge reading 
= barometric pressure — vacuum reading 


- 27 34 g,, 

» 16 dr 

16 oz » 7,000 grains 
« 2,000 ib„ 

“ 15 432 grams 
« 2 20462 lb„ 

- 32 1739 lb« 


W ork — Energy — Power 

3 foot poundal is work done by 1 poundal exerted through a distance of 1 ft 
1 foot pound/ (ft Jh/) is work done by 1 lb/ exerted through a distance of 1 ft 
1 erg IS work done by 1 dyne exerted through a distance of 1 cm. 


lO’f ergs /joule 
3,600 X 10* joules/kwhr 
3,600 X 10'® ergs/kwhr 
2,655,656 ft lb//mt kwhr 
778 16 ft lb//IT Btu 

251 996 IT cal/IT Btu 

252 161 def cal/IT Btu 
33,000 ft lb//mm hp 
550 ft lb//Bec hp 

1 joule/sec watt 
44 261 ft lb//mm watt 

1 000657 def cal/IT cal 


1,054 866 mt joules /IT Btu 
745 578 mt watts /hp 
2544 48 IT Btu/hp-hr 
3412 76 IT Btu/mt kwhr 


IT Btu 
lb„F 
, IT Btu 


. IT cal 

g«C 

0 555556 


IT cal 

gm 


IT cal _ , „ IT Btu 

* i. O ,1 

gm lbf» 


1 - 1 79882 

3 96832(10-») IT Btu =’‘l IT oal 


(Btu without prefix is understood to be IT Btu) 
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Area 

1 cm* ■■ 0 155 m,* 

1 m * - 6 46163 cm* - 6 94444 (10-*) ft* 

1 ft* - 929 034 cm* - 144 in * 

Deneity 

1 - 0 0160184 g»/cm» - 5 78704 (10^*) Ib^/ui.* 

Volume 

1 liter - 0 0353154 ft* » 1,000028 cm* - 1,000 ml - 0 264178 gal. 

- 61 0251 m > 

1 ft* « 28 3162 liters - 7 48052 gal 
1 gal « 231 in * - 0 133681 ft* - 3,785 43 cm* 

1 in » « 16 3872 cm* 


Miscellaneous 
ln« X » 2 30258 logic x 

CoNVBBSION FaCTOKS FOR ViSCOSITTt 


To convert 
viscosity m 
centipoises 
to viscos- 
ity in 


lb„ 
ft sec 

1 

lb„ 
ft hr 

1 

^ lb/ sec 
ft* 
slug 
ft sec 

■ 

kg/ sec 
m* 

sec cm 1 

Multiply by 


0 000672 

2 42 

0 0000209 

1 

1,000 

0 000102 


t Reproduced from Perry, Chemical Engineers' Handbook." McGraw-HiU Book Company, 
Inc , Now York 


To convert Saybolt Umversal viscosity readings into absolute viscosity readings, 
- = 2 20 X 10-»9 - ^ 

P 0 

M “ absolute viscosity in poises 

p « density, grams per cubic centimeter 

S = time of efflux m seconds (Saybolt Universal seconds) 

The above quantities are all to be measured at room temperature 
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Table II A — Approximate Heat-capacity Equations* 


Gas 

Molecular 

weight 

Specific heat at constant 
pressure (cp), Btu lbm~^ R~^l 
T = Rankine degrees 

Range 

R 

Maximum deviation 
from experimental 
data (%) 

N. 

28 02 

0 227 -f 0 0000292T , 

720-1900 

Less than 1 

HaO 

18 016 

0 433 -h 0 0000166^ 

720-1900 


CO 2 

44 00 

0 186 + 0 00006257 

720-1900 

Less than 3 

CO 

28 00 1 

0 226 + 0 00003217 

720-1900 

Less than 1 

Ha 

2 016 

3 35 +0 0001147 

720-1900 

Less than 1 

CH 4 

16 03 

0 208 + 0 0005617 

720-1900 


0, 

32 00 

0 200 H- 0 00003537 

720-1900 

Less than 1 

Air 

28 96 

0 220 + 0 00003067 

720-1900 

Less than 1 

CgHia 

114 14 

0 105 + 0 00004867 

720-1900 

1 


♦ Tayloe, E S , W a Leary, and J R Diver Effect of Fuel- Air Ratio, Inlet Temperature 
and Exhaust Pressure on Detonation, NACA Report, No 699 (1940) 


Table IIB — Heat-capacity Equations Based upon iSpectroscopic Data* 

(At zero pressure) 


Gas or 
vapor 


O* 


N* 

CO 

H, 


HaO 

COa 

CH4 

CaH* 

CiHe 

CsHie 

CiaHa* 


Equation 

Cp in Btu mole“^ 11“' 

R ange 

K 

Maximum 

error 

.=11515-^ + if« 

540-50(X) 

1 3 


5000-9000 

0 3 

^ 3 47 X 10» , 1 16 X 10« 

Cp - 9 47 ^ + yj 

540-9000 

1 7 

... 3 29 X 10» 1 07 X 10* 

Cp - 9 46 y, + j,. 

540-9000 

1 1 


540-4000 

0 8 


4000-9000 

1 4 

. - IQ Rfi 597 , 7500 

c„ - 19 86 - ^ + -y- 

540-5400 

1 8 

„ 6 53 X 10“ , 1 41 X 10» 

c, - 16 2 j, + y, 

540-6300 

0 8 

Cp = 4 52 + 0 00737r 

540-1500 

1 2 

Cp = 4 23 + oon77r 

350-1100 

1 6 

Cp = 4 01 + 0 016367 

400-1100 

1 5 

Cy = 7 92 + 0 06017 

400-1100 

Est 4 

Cp - 8 68 + 0 08897 

400-1100 

Est 4 


** SwBiQSRT, H L , and M W Bbabo0let Empinoal Specific Heat Equations Based upon 
Spactroecopio Data, Oeor^ta School of Technology Bulletxn, 1 (No 3) (June, 1038) 
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Table IV. — Joule’s Equivalent and the Gas Constant IJo 
From time to time various investigators and standardization laboratories have 
published fundamental definitions of physical constants The fact that there 
may be several definitions of one constant may lead to discrepancies m any con- 
stants derived therefrom, and this may cause considerable confusion, 

In 1929 the First International Steam Tables Conference^ proposed defimtions 
for the international calorie (IT cal) and the international Bntish thermal unit 
(IT Btu) m terms of international (int) electrical units 


and 


Noting that 


1 IT cal = int watt-hour 

IT Btu IT cal 
^ F Ib^ “ C 

3,600 joules = 1 watt-hour 


results m the derived constant 


4 18605 


int joules 
IT calories 


(а) 

(б) 


(c) 


Rossini* has proposed a defined calorie (def cal) 

1 def cal — 4 18330 uit joules (d) 


which IS widely used in thermochemistry From this the derived constant is 


1 def cal 


1 

860 665 


int watt-hour 


(e) 


The relation between the defined calorie and ^the international calorie is 


860 565 
860 


= 1 000657 


def cal 
IT^ 


or 


def Btu 
IT^ 


(/) 


Because of these different definitions, the values for Joule’s constant J and the 
gas constant Ro will have different values in different textbooks, and although the 
difference is slight, it is quite confusing For example, older experimental data 
indicated that 

1 00032 absolute joules = 1 international joule 


With this value and 
860 


IT cal 


mt watt-hour 


cm 

30 48 — 
ft 


18 - 


, IT Btu lb; 
IT cal g-' 


980 665 — , 
sec* 


10 ^ 


ergs 

joule 


sec 

3 , 600 ^ 

’ hr 


the relationship between the Btu and the ft lb/ is 


1 IT Btu 


1 00032(10^)3600 
1 8(860)980 665(30 48) 


Subsequent experiments* indicated that 


778 28 ft lb/ 


1 00020 absolute joules 1 international joule 

1 See reference 1 

* See references 3 and 

* See reference 2 
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With this newer value it was found that 


1 IT Btu = 778 18 ft lb/ 

More recently^ the National Bureau of Standards® has indicated that 

1 000165 absolute joules — 1 international joule 

With this most recent value, the mechanical equivalent of heat, Joule^s eqiuvalent, 
becomes 

1 IT Btu *= 778 16 ft lb/ ' {g) 


778 16 


ft lb/ 
IT Btu 


and m textbooks using the defined calone 


777 65 


ft lb/ 
def Btu 


Qi) 


Rossini® gives the following value for the gas constant /?o 
Bo = 1 98718 ± 0 00013 

g-mole K 

Kquation (t) can be converted into international units by equation 
Rq 

and from Eq (g) 


1 98718 


1 000657 


^ === 1 98588 


IT cal 


IT mu 


g-inole K mole R 


Ro = 1545 33 


ft lb/ 
mole R 


(0 


0 ) 

(fc) 


In this text the gas constant is based on the international British thermal unit or 
as listed below 

Values for the Gas Constant Rq 


Bo = 1545 33 B„ 

mole R 

B« = 10 7315 

mole R 

Bo = 0 73023 

mole R 

Bo - 1 98588 Bo 

mole R 

References 


1 98588 


0 0820544 


IT cal 
g-mole K 
atm liters 


82 0544 


g-mole K 
atm ml 


82 0567 


g-mole K 
atm cm® 


g-mole K 


1 First International Steam Tables Conference, Mech Eng , 62, 120-122 (1930) 

2 Birge, R T Rev Modern Phys, 13, 233 (1941). 

3 Rossini, F C / Research NBS , 34 (No 143) (1945) RP 1634 

4 Mueller, E F , and F C Rossini Am J Phys , 12, 1 (1944) 

5 Curtis, H L * / Research NBS , 38 (No 235) (1944) RP 1606 

6 National Bureau Standards, Circular C459, May 15, 1947 

> See references 3 and 5, 

* See reference 6 

* See reference 8. 
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Table V — Pboperties op MsBctrsT Vapor* 
(h and s are measured from 32 F ) 


Pres- 

sure 

V 

psia 

Temp 

t,E 

Specific 

volume 

Vg 

Enthalpy, Btu 

Entropy, Btu lb; 

;’R-* 

Satu- 

rated 

liquid 

h, 

Vapor- 

ization 

hfg 

Satu- 

rated 

vapor 

h. 

Satu- 

rated 

liquid 

«/ 

Vapor- 

ization 

8/g 

Satu- 

rated 

vapor 

0 4 


114 5 

13 81 

128 1 

141 9 


0 1486 

0 1696 

0 6 

426 1 

78 23 

14 70 

127 6 

142 3 


0 1441 

0 1660 

0 8 

443 8 

59 71 

15 36 

127 2 

142 6 




1 0 

458 1 

48 45 

15 89 

126 9 

142 8 


0 1382 


1 6 

485 1 

33 14 



143 2 



0 1580 

2 

505 2 

25 31 

17 65 


143 5 



0 1556 

3 

535 4 

17 34 

18 78 

125 2 



0 1258 

0 1521 

4 

558 0 

13 26 

19 62 

124 7 

144 3 


0 1225 

0 1497 

5 

576 2 

10 77 


124 3 

144 6 



0 1478 

6 

591 4 

9 096 

20 87 

123 9 

144 8 


0 1179 

0 1462 

7 

605 0 

7 882 

21 37 

123 6 

145 0 


0 1161 


8 

616 8 

6 963 

21 81 

123 4 

145 2 


0 1146 

0 1439 

9 

627 5 

6 244 

22 21 

123 2 

145 4 


0 1133 

0 1429 

10 

637 3 

5 661 1 

22 58 

122 9 

145 5 


0 1121 

0 1420 

15 

676 5 

3 892 

24 04 

122 1 

146 1 

0 03124 

0 1074 

0 1387 

20 

706 2 

2 983 

25 15 

121 4 

146 6 



0 1363 

25 

730 4 

2 429 


120 9 

146 9 



0 1345 

30 

750 9 

2 053 

26 81 


147 2 


0 09953 

0 1331 

35 

769 0 

1 781 

27 49 


147 5 

0 03416 

0 09774 

0 1319 

40 

784 8 

1 576 


119 7 

147 8 


0 09621 

0 1308 

45 

799 3 

1 1 414 


119 4 

148 0 


0 09486 

0 1299 

50 

812 5 

1 284 

29 11 

119 1 

148 2 


0 09364 

0 1291 

60 

836 1 

‘ 1 086 

29 99 

118 6 

148 6 


0 09154 

0 1276 

70 

856 6 

0 9436 


118 1 

148 9 


0 08976 

0 1264 

80 

874 8 

0 8349 

31 43 1 

117 7 

149 I 


0 08824 

0 1254 

90 

891 6 

0 7497 


117 3 

149 4 

0 03771 

0 08687 


100 

906 9 

0 6811 


117 0 

149 6 


0 08565 

0 1237 

120 

934 4 

0 5767 


116 4 



0 08353 

0 1224 

140 

958 3 


34 55 

115 9 

150 4 


0 08175 

0 1212 

160 

979 9 

0 4438 

35 35 

115 4 



0 08019 

0 1202 

180 

999 6 

0 3990 



151 1 

BiB 

0 07881 

0 1193 


* Reproduced from L S Marke» * Mechanical Engineers’ Handbook,” McGraw-Hill Book 
Company, Inc , New York, 
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Tabus VI — Gab-conbtant Values 


Gas 

Chemical 

formula 

Molecular 

weight 

R 

ft lb/ 
lb„R 

Cp 

Btu 
lb„ R 
at 77 F 

Cv 

Btu 
lb™ R 
at 77 F 


fc 

'p 

Cv 

Acetylene 

CjHj 

26 

02 

59 

39 

0 

361 

0 

285 

1 

27 

Air 


28 

96 

53 

36 

0 


0 

171 

1 

40 

Ammonia 

NH. 

17 

024 

90 

7 

0 

52 

0 

Ellfl 

1 

29 

Argon. 

A 

39 

90 

38 

73 

0 

124 

0 

074 

1 

68 

Butane 

C 4 H 10 

58 

08 

26 

61 

0 


0 

372 

1 

09 

Carbon dioxide 

CO2 

44 


35 

12 

0 


0 

156 

1 

29 

Carbon monoxide 

CO 

28 


55 

19 

0 

248 

0 

177 

1 

40 

Dodecane 

CiaHae 


3 

9 

074 

0 

408 

0 

397 

1 

03 

Ethane 

CaHe 


05 

51 

43 

0 

418 

0 

352 

1 

19 

Ethylene 

C2H4 

28 

03 

55 

13 

0 


0 

289 

1 

25 

Helium 

He 

4 

P!m 

386 

33 

1 

25 

0 

75 

1 

67 

Hydrogen 

H 2 

2 

016 

766 

53 

3 

416 

2 

431 

1 

41 

Methane 

CH 4 

16 

03 

96 

Ril 

0 

532 

0 

gQ}!! 

1 

30 

Nitrogen 

N* 

28 

02 

55 

15 

0 

248 

0 

177 

1 

40 

Octane 

' CfiHis 

114 

14 

13 

54 

0 

ES 3 

0 

390 

1 1 

04 

Oxygen 

O2 

32 


48 

29 

0 

219 

0 

157 

*1 

39 

Propane 

CbHb 

44 

06 

35 

uTm 

0 

398 

0 

353 

1 

13 

Sulphur dioxide 

S 02 

64 

07 

24 

12 

0 

154 

0 

123 

1 

25 

Water vapor 

H 20 

18 

01 

85 

6 

0 

445 

0 

335 

1 

33 


Table VII — Critical Constants* 


Gas 

Sym- 

bol 

M ! 
(mo- 
lecular 
weight) 

1 Tt 1 

1 

Ve 1 

1 1 

1 1 

peVc 

R 

K 

Lb/ 

in 

Atm 

1 

Ft» 

' mole"* 

Liters 

(g 

mole)"* 

Air 1 


28 960 

238 4 

132 5 

546 8 

37 2 

1 33 

0 08302 

0 283 

Ammonia 

NH. ' 

17 03 

730 01 

405 56 

1,638 6 

111 5 

1 16 

0 0724 

0 243 

Butane 

C4Hi0 

58 08 

766 8 

426 0 

529 06 

36 0 

4 13 

0 2576 

0 277 

Carbon monoxide 

CO 

28 00 

241 5 

134 2 

608 6 

34 6 

1 44 

0 08989 

0 282 

Carbon dioxide 

CO* 

44 00 

647 6 

304 2 

1,073 

73 0 

1 53 

0 0955 

0 279 

Hydrogen 

Hs 

2 016 

59 9 

33 3 

188 2 

12 8 

1 04 

0 0649 

0 306 

Mercury 

Hg 

1200 61 

2,078 

1,172 

2.645 28 

180 




Methane 

CHi 

16 03 

343 9 

191 1 

673 3 

45 8 

1 58 

0 0986 

0 285 

Nitrogen 1 

Ni 

28 02 ! 

277 0 1 

126 1 

492 32 

33 6 1 

1 44 

0 0900 

0 292 

Oxygen 

Oi 

32 00 

277 9 

154 4 

730 39 

49 7 

1 19 

0 0744 

0 292 

Propane 

C>Hi 

44 06 

665 95 

369 97 

617 38 

42 01 

3 12 

0 195 

0 2695 

Water 

HsO 

18 02 

1,165 1 

647 2 

3,226 

218 5 

0 91 

0 0568 

0 233 


* Data from International Critical Tables, 8, 248-240 (1028), and Bureau of Standards Circular 
279 (Deoeinber, 1025) 
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Table VIII — Constants fob Equations of State 


Gas 

van der Waals* 

Beattie-Bndgeman f 

a 

atm ft® 
mole* 

n 

Ao 

atm ft® 
mole* 

a 

ft® 

mole 

Bo 

ft® 

mole 

b 

ft® 

mole 

10' «c 
ft* R» 
mole 

Range, 

R 

Air 

343 8 

0 585 

334 1 

0 309 

0 739 

-0 176 

4 05 

230-860 

CO 

374 7 

0 630 

344 9 

0 419 


-0 in 

3 92 


CO 2 

924 2 

0 686 

1,284 9 

1 143 

1 678 

1 159 

61 65 

490-670 

CH, 

578 9 

0 684 

584 6 

0 297 

0 895 

-0 254 

11 98 

490-850 

CaHs 

2,374 

1 446 

305 8 

1 173 

2 90 

0 688 

112 12 


C 4 H 10 

3,675 

1 944 

456 5 

I 948 

3 944 

1 51 

327 02 


H 2 

63 02 

0 427 

50 57 

-0 0811 


-0 698 

0 0471 

50-860 

Hg 

5,100 

1 070 







H 2 O 

1,397 1 

0 487 







N 2 

346 0 

0 618 

344 92 

0 419 


-0 111 

3 92 


NHs 


0 598 

613 91 

2 729 

0 547 : 

3 062 

446 6 


O 2 

349 5 

0 510 

382 53 

0 410 


0 0674 

4 48 



1 

mole* 


14 696^^-^“ = 2116 22 = 0 003898 

mole* mole* 


1 


ft« 

mole 


- 0 06242 


liters 

g-raole 


= 62 42 


g-mole* 

ml 

c-mole 


3,898 


atm ml* 
g-mole* 


* Evaluated from critical data in manner of Art 7-8 

t Beattie and Bndgeman Ptoc Am Acad Arte Set , 63 , 229—308 (1928) , J Am Chem Soc , 
50 , 3133 (1928) 


Table IX — Pressure and Temperature Measurements 

Pre&sure 

A common pressure-measuring device is the Bourdon tube gauge, illustrated in 
Fig A The gauge consists of a bronze tube flattened into an ellipse and bent 



Fio A 
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into a circular shape One end of the tube is connected to the region where 
pressure is to be measured, while the other end is sealed and attached to the sector 
The gas or hquid m the system fills the gauge, and the pressure or vacuum causes 
the bent tube to attempt to regain its original circular cross section This change 
tends to straighten the tube, move the sector, and rotate the gear, thus mdicating 
a pressure or a vacuum By adjusting the distanfce a to the best position the 
gauge will indicate quite accurately over the entire scale If the distance a is too 
short, the gauge will overrun, that is, if it indicates the true pressure, say 20 psi, 
at one position of the gauge, it will indicate a higher pressure of possibly 40 psi 
when the true pressure has been mcreased to 30 psi Conversely, when distance a 
IS too long, the gauge will underrun For these reasons, although most gauges 
are calibrated over the entire scale, they should not be used for pressures near 
the begmnmg or end of travel of the gauge needle 

A gauge cock is used to facilitate changing or testing without shutting down 
the equipment If small pressure disturbances are present m the medium being 
measured, the gauge needle will vibrate or oscillate Such movements can be 
prevented by slightly closing (throtthng) the gauge cock 

A siphon 18 used when the pressure of steam is to be measured The steam 
condenses on entering the cold siphon and gauge, hence, the hotter fluid is pre- 
vented from too closely approaching the movable 
parts On shutdown, the siphon retains the water 
for use when the system is agam operated 

Another form of pressure-measuring instrument 
is the manometer j which is used to measure pressure 
or differences in pressure The U-tube and well- q 
type manometers (Fig B) are made of glass and 
partially filled with a liquid of known density 
The scale is compensated for changes m level of the liquid in the reservoir with 
pressure If one end of the tube (or the well) is connected to a system while 
the other end is open to the atmosphere, the pressure m the system can be found 
by equating the pressures above some datum such as A-B in Fig B 

Pressure at ^ = pressure at B 
pa “h — Pa d" Pm^m 

and 

Pa ~~ pa ^ {pmZm “ Pa^a) ~ 

ge 

In many cases the fluid m the system is a gas and the density p, and height Zt have 
a negligible effect 

g 

Pa Pa Pm^m — 

where p pressure, lb//ft* 
p » density, lb«/ft* 
z “ height, ft 

and where subscripts a « atmospheric 

m » manometer fluid 
s — system 
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Another use for the manometer is to measure differences of pressure between 
two pomts in the system as in Fig C Proceedmg as before 

Pressure at A « pressure at B 

Pi + 2lPs — p2 + «2p« + Zmpm “ 

Qc gc Qc 

Pi — p2 = [“(«! — «2)p. + ZmPm]^ 

If the fluid in the system is a gas, p, may be negligibly small and 

a 

Pi — P* « 2mpm — 

Qc 

In most cases the pressure difference is desired to be in units of pounds per square 
inch while the manometer reading is in mches and the fluid used will have a 
specific gravity G 

Pi - P 2 » 0 03609zG ^ lb//in > 

Qc 

z = manometer height, in 
G = specific gravity of manometer fluid at 

60 F » 39 F referred to water ((?h.o = 10) 
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Another form of manometer is the inclined tube or draft gauge (Fig D) The 
in dined- tube manometer is a multiplying device used to measure small pressure 
differences The reservoir is large m area com- jo system 

pared with the area of the inclmed tube, hence, li tosystem 

variation m the level of the reservoir with respect ^ i — 1 1 — 

to the level in the tube is negligible (or the scale 
IS compensated for the error) In commercial ^ Jt J 

instruments the scale on the inclmed tube is gradu- ^ 

ated to read units of inches of water and calibrated 

to read correctly for a special manometer fluid of defimte density Usually, this 
fluid is not water In the absence of calibration, a pressure balance can be made m 
the same manner as before, noting that 


z ^ X sm d 


I'emperature 


I The usual mercury thermometer consists of a glass tube 

U with a mercury reservoir at one end and an expansion bulb for 

i overrange protection at the other end It is cahbrated by total 

^ ” immersion in a constant-temperature bath, as shown in Fig E 
~(b )\ : (o) Total immersion ensures that the glass and mercury will 

- be at bath temperature However, m practice, partial im- 

- ’-"-1 mersion is often necessary [Fig E (6)], and m this case the exposed 
portion of the thermometer is at a different temperature level 
^ than the immersed portion 

If the surrounding, or ambient, temperature is lower than the immersed 
temperature, the portions of mercury and glass exposed to that lower temperature 
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do not expand to the same point as the portions in the cahbratmg bath, and there- 
fore a low reading is obtained The resultmg error is approximately 

cn{tb — t,) 

where Aic ■■ correction m degrees 

c "» coefficient of expansion of mercury m glass (The value depends on 
the type of glass used in making the thermometer A value of 
0.00009 can be assumed approximately true ) 
n » number of degrees of mercury not immersed m bath 
U = temperature of bath (This is the temperature shown by the ther- 
mometer, plus the correction For a close approximation, the indi- 
cated temperature is used ) 

U temperature of exposed portion of thermometer as indicated by a 
separate thermometer tied to the exposed portion 
Partial-immersion thermometers are made with the immersion level marked 
on the tube However, to obtain strict accuracy the exposed portion should be 
held at the temperature maintained dunng calibration, and this requirement may 
be difficult to fulfill 

Commercial grades of thermometers are accurate within ±2 F Precision- 
grade thermometers can be obtained with accuracy of db i F For more precise 
work, thermometers with ^ “ graduations can be obtained with certified cahbration 
data supplied by the manufacturer or standardization laboratory 

The thermocouple type of thermometer consists of two wires of dfesimilar 
materials jomed together at the ends to form a closed circuit If one junction 
of this circuit is at a higher temperature than the other junction, a current will 
flow because of an electrical potential difference between junctions This phe- 
nomenon, which was first noticed by Seebeck in 1821, is called either the Seebeck 
or the Peltier effect Similarly, whenever a temperature gradient exists m a 
material, a potential gradient also exists, an effect first predicted by Lord Thomson 
The net flow of current m the thermocouple circuit is the resultant of the Seebeck 
and Thomson effects, which in turn depend on the materials used m constructmg 
the thermocouple 

To measure this potential, a milhvoltmeter can be inserted m the thermocouple 
circuit between the hot and cold junctions, as shown in Fig F The potential 
indicated by the voltmeter will depend on the combined 
results of the temperature difference between junctions, the CoM 
Seebeck effect for the two materials, the Thomson effect for 
each of the materials, and the resistance of the circuit 
Since a circuit of this type is dependent on the resistance of ^ 

all of its components, it is dependent on the length of the thermocouple For this 
reason each circuit should be mdividually calibrated When this is done, the 
milhvoltmeter can be graduated directly m degrees 

A poi&ntxometer can be used to balance the potential of the couple by mtro- 
ducmg an equal but opposing potential In this case the resistance of the circuit 
should have no effect on the measured potential because no current will flow if 
perfect balance is obtained A simple potentiometer circuit is shown in Fig G 
and consists of a standard cell, a commercial dry cell, variable resistances, and a 
galvanometer The dry cell is calibrated by closing switch A and adjustmg 
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reszstance R until the galvanometer shows no defection. When this result is 
obtained^ the potential at X from the battery is equal to the known potential 
from the standard cell because no current is flowing through the galvanometer 

Similarly, the potential gradient through resist- 
ance S will be the same for both the standard and 
the dry cell The standard cell is disconnected 
by throwing the switch to and the potential 
of the couple is balanced by adjustmg the slide 
arm on resistance S until no deflection of the gal- 
vanometer IS present Resistance S is graduated 
either in millivolts or directly m degrees In the 
latter case, the couples to be used must be made 
from definite materials 

Whenever the potentiometer is in use, some cur- 
rent will flow, hence, the battery will eventually be discharged while the potential 
will gradually decrease The standard cell is used only infrequently, and it will 
maintain its calibrated potential for a long period of time while the inexpensive 
dry cell is easily replaced and calibrated 

Note that the measurmg instrument, when inserted m the circuit, will introduce 
two new junctions For example, m Fig assume that the instrument is made 
of copper while the wires to the instrument are made of iron Then, the junction 
from iron to copper at one terminal is balanced by a similar junction at the other 
terminal, while the Thomson effect for the instrument will be zero if the tempera- 
ture of the instrument is constant ^ Similarl\ , the cold junction can be eliminated 
and the two wires from the hot junction connected directly to the potentiometer 
The cold junction in this case is the potentiometer, and the temperature is the 
loom temperature 

Thermocouples are divided into two classes, noble- and hase-meial couples 
The noble-metal couples are made of pure platinum, joined to an alloy either of 
90 per cent platinum and 10 per cent rhodium or of 87 per cent platinum and 
13 per cent rhodium Such couples are preferred for constancy of calibration 
over wide periods Base-metal couples have a low initial cost, but they must be 
checked at frequent intervals Usual materials are iron, copper, or chromel 
used with constantan while the most popular base-metal couple is made of 
chromel-alumel 

The accuracy of thermocouples depends on the instrument used to measure 
the potential and, more important, on the condition of the wire and the connection 
between the two metals With noble-metal couples an accuracy of ± 2° is reason- 
able, while for base-metal couples the accuracy may be ±5° These values can 
be greatly improved by careful calibration, but far greater errors may be present 
m use 

1 It can be shown that any number of materials can be inserted into the circuit without effect 
if the temperature of the inserted materials is constant 
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Table X — Inteknal Energy of Gases* 
(At zero pressure, Btu mole”') 


Temp 

R 

O 2 

N 2 

Air 

CO 2 

H 2 O 

1 Ha ' 

CO 

pv 

778 16 

CsH,* 

CiaHgo 

620 

0 

1 

0 

0 

1 0 

i 

1 0 

i 0 

0 

1,033 

0 

0 

536 69 

1 83 

81 

81 

115 

101 

80 

, 8^ 

: 1,066 

640l 

911 

540 

100 

97 

97 

139 

122 

96 

97 

1,072 

756| 

1,077 

560 

200 

196 

196 

280 

244 

193 

196 

' 1,112 

1,536| 

2,188 

580 

301 

295 

295 

424 

357 

291 

295 

1,152 

2,340 

3,336 

600 

402 

395 

396 

570 

490 

390 

396 

1,192 

3,167 

4,518 

700 

920 

896 

897 

1,320 

1,110 

887 

896 

1,390 

7,668 

10,967 

800 

1,449 

1,399 

1,403 

2,120 

1,734 

1,386 

1,402 

1,589 

12,768 

18,303 

900 

1,989 

1,905 

1,915 

2,965 

2,366 

1,886 

1,903 

1,787 

18,471 

26,530 

1000 

1 2,539 

2,416 

2,431 

3,852 

3,009 

2,387 

2,430 

1,986 

24,773 

35,644 

1100 

3,101 

2,934 

2,957 

4,778 

3,666 

2,889 

2,954 

2,185 

31,677 

45,648 

1200 

3,675 

3,461 

3,492 

5,736 

4,339 

3,393 

3,485 

2,383 

39,182 

56,541 

1300 

4,262 

3,996 

4,036 

6,721 

5,030 

3,899 

4,026 

2,582 

47,288 

68,323 

1400 

4,861 

4,539 

4,587 

7,731 

5,740 

4,406 

4,580 

2,780 

55,995 

80,994 

1500 

6,472 

5,091 

5,149 

8,764 

6,468 

4,916 

5,145 

2,979 

165,303 

94,554 

1600 

6,092 

5,652 

5,720 

9,819 

7,212 

5,429 

5,720 

3,178 



1700 

6,718 

6,224 

6,301 

10,896 

7,970 

5,946 

6,305 

3,376 



1800 

7,349 

6,805 

6,889 

11,993 

8,741 

6,464 

6,899 

3,575 



1900 

7,985 

7,393 

7,485 

13,105 

9,526 

6,988 

7,501 

3,773 



2000 

8,629 

7,989 

8,087 

14,230 

10,327 

7,517 

8,109 

3,972 



2100 

9,279 

8,592 

8,698 

15,368 

11,146 

8,053 

8,722 

4,171 



2200 

9,934 

9,203 

9,314 

16,518 

11,983 

8,597 

9,339 

4,369 



2300 

10,592 

9,817 

9,934 

17,680 

12,835 

9s. 147 

9,961 

4,568 



2400 

11,252 

10,435 

10,558 

18,852 

13,700 

9,703 

10,588 

4,766 



2500 

11,916 

11,056 

11,185 

20,033 

14,578 

10,263 

11,22c 

4,965 



2600 

12,584 

11,682 

11,817 

21,222 

15,469 

10,827 

11,857 

5,164 



2700 

13,257 

12,313 

12,453 

22,419 

16,372 

11,396 

12,499 

5,362 



2800 

13,937 

12,949 

13,095 

23,624 

17,288 

11,970 

13,144 

5,561 



2900 

14,622 

13,590, 

13,742 

24,836 

18,217 

12,549 

13,792, 

5,759 



3000 

15,309 

14,236 

14,394 

26,055 

19,160 

13,133 

14,443 

5,958 



3100 

16,001 

14,888 

15,051 

27,281 

20,117 

13,723 

15,097 

6,157 



3200 

16,693 

1 15,543 

15,710 

128,513 

21,086 

^4,319 

115,754 

6,355 



3300 

17,386 

16,199 

16,369 

29,750 

22,066 

14,921 

16,414 

6,554 



3400 

18,080 

16,855 

17,030 

30,991 

23,057 

15,529 

17,078 

6,752 



3500 1 

18,776 

17,512 

17,692 

32,237, 

24,057| 

16,143 

17,744, 

6,951 
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Table X. — Internal Energy of Gabes * — (Conitnued) 


Temp 

R 

0, 

N* 

Air 

CO2 

H,0 

H 2 

CO 

pv 

778 16 

CsHis 

3600 

19,475 

18,171 

18,356 

33,487 

25,067 

16,762 

18,412 



3700 


18,833 


34,741 

26,085 

17,385 

\liwm 

7,348 


3800 


19,496 

19,691 

35,998 

27,110 


19,755 

7,647 


3900 

21,598 


20,363 

37,258 

28,141 

18,641 


7,745 


4000 

22,314 



38,522 

29,178 

19,274 

21 , 107 

7,944 


4100 



21,714 

39,791 


19,911 

21,784 

8,143 


4200 


22,172 

22,393 

41,064 

MEwli 

20,552 

22,462 

8,341 


4300 

24,482 

22,845 


42,341 

32,326 

21 , 197 




4400 


23,519 

23,755 

43,622 

33,389 

21,845 

23,819 

8,738 


4500 

25,938 

24,194 

24,437 



22,497 

24,499 

8,937 


4600 

26,668 

24,869 


46,193 

35,535 

23,154 

25,179 

9,136 


4700 




47,483 

36,616 

23,816 

25,860 

9,334 


4800 

28,136 

26,224 

26,491 

48,775 


Mmm 

26,542 

9,533 


4900 

28,874 




38,791 

25,148 

27,226 

9,731 

1 

5000 

29,616 

27,589 

27,872 

51,365 

39,885 

25,819 

27,912 



5100 


28,275 

28,566 

52,663 


26,492 


MH 


5200 


28,961 

29,262 

53,963 

42,084 

27,166 

29,289 

10,327 


5300 

31,857 

29,648 


55,265 

43,187 

27,842 

M|K!K9j 



5400 




56,569 

44,293 

28,519 


■ 



• Lichtt, L C “ Internal-Combustion Engines,” McGraw-Hill Book Company, Inc , New 
York, 1939, from data of Hebset, Ebebhabdt, and Hqttel Trant SAE, 81. 409 (1930) 
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Table XII — Heat of Combustion* 
at 25 C or 77 F) 


CompKiund 

For- 

mula 

k cal (def) 

IT Btu 

Reaction 

g-mole 

lb,. 

Hydrogen 

Hi 

68 3174 

60957 7 

H, (?) + iOs (?) H,0 (() 



57 7979 

51571 4 

H, (?) + iOj (?) - H,0 (?) 

Carbon (graphite) 

C 

94 0518 

14086 8 

C (s) + O, (?) CO 2 (?) 

Carbon monoxide 

CO 

67 6361 

4343 6 

CO (?) + JO 2 (?) CO 2 (?) 


Compound 

Formula 

Ah{hfo)'\ of 
vaporization, 

Btu/lbm 

H 2 O (l) and 
CO 2 (?) 

HjO (?) and 
CO, (?) 

k cal (def) 

IT Btu 

k cal (def) 

IT Btu 

g-mole 

Ibm 

g-mole 

lb„. 

Methane 

CH, (?) 


212 798 

23861 

191 759 

21502 

Ethane i 

(?) 


372 820 

22304 

341 261 

20416 

Butane , 

C 4 H 10 [g) 

159 

687 982 

21293 i 

635 384 

19665 

Pentane 

C sH 1 2 (ff ) 

158 

845 16 

21072 i 

782 04 

19499 

Heptane 

C 7 H 10 [g) 

157 

1160 01 

20825 

1075 85 

19314 

Octane 

CsHis (ff) 

156 

1317 45 

20747 

1222 77 

19256 

Benzene 

c,n,(g) 1 

186 

789 08 

18172 

757 52 

17446 

Decane 

C 10 H 22 (^) 

154 

1632 34 

20638 

1516 63 

19175 

Dodecane 

CizHae (g) \ 

154 

1947 23 

20564 

1810 48 

19120 

Hexadecane 

C 16 H 34 (g) j 

154 

2577 00 

20472 

2398 17 

19052 


* First section Table On 4/30/45 5/31/45 API Research Project 44 National Bureau of 
Standards Second section, Table In 3/31/44 4/30/46, API Research Project 44, National Bureau 
of Standards 

t At 25 C and saturation pressure 
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Table XIII. — Heat of Formation, Absolute Entropy, and Free Energy 
OF Formation at 25 C (77 F)* 


Compound 

Formula 

State 

k-cal (def) 

cal (def) 

k-cal (def) 

g-mole 

g-mole K 

g-mole 

Oxygen 

O 2 

gas 

0 

49 003 

0 

Hydrogen 


gas 

0 

31 211 

0 

Water t 

H 2 O 

gas 

-57 7979 

45 106 

-64 6351 



hquid 

-68 3174 

16 716 

-56 6899 

Nitrogen 

N 2 

gas 

0 

45 767 

0 

Carbon 

C 

graphite, solid 

0 

1 3609 

0 



monatomic gas 


37 761 ! 

115 509 

Carbon monoxide 

CO 

gas 

-26 4157 

47 300 

-32 8079 

Carbon dioxide 

C02 

gas 

-94 0518 

51 061 ' 

-94 2598 

Methane 

CH 4 

gas ' 

-17 889 

44 50 

-12 140 

Octane 

CsHis 

gas 

-49 82 

no 82 

4 14 



liquid 

-59 74 

85 50 

1 77 

Benzene 

CflHe 

gas 

19 820 

64 34 

30 989 

n-Dodecane 

Ci2H26 

gas 

-69 52 

147 55 

12 33 

n-Hexadecane 

Ci6H84 

1 

1 

-89 23 

184 28 

' 20 52 


•Table Op 4/30/46, Ip 4/30/44, 4/30/45, 3p 4/30/44, 4/30/45, 5p 11/30/45, 20p 6/30/46, 
API Research Project 44, National Bureau of Standards 

t The absolute entropy for liquid water at 32 h and 0 08854 psia isO 8402 Btu lbm“‘ R“‘ There- 
fore, the absolute entropy for HaO can be obtained by adding 0 8402 to the Steam Table values 


Table XIV — Absolute Entropy for the Ideal Gas State* 

at 1 atm pressure and the temperature indicated, cal (def) g-mole~^ K“^) 


Compound 

Formula 

State 

1 Temperature m degrees Kelvin 

0 

298 16 

600 

1000 

2000 

3000 

4000 

Carbon 

C 

monatomic gaa 

0 

37 761 

40 333 

43 778 

47 229 

49 286 

60 798 



graphite, solid 

0 

1 3600 

2 788 

5 846 




Oxygen 

Oi 

gas 

0 

49 003 

52 723 

58 194 

64 212 

67 968 

70 762 

Hydrogen 

Ha 

gas 

0 

31 211 

34 809 

39 704 

45 005 

;48 448 

51 030 

Watert 

HaO 

gas 

0 

45 106 

49 334 

55 598 

63 26 

68 45 


Nitrogen 

Na 

gas 

0 

45 767 

49 385 

54 509 

60 228 

63 770 

66 338 

Carbon monoxide 

CO 

gas 

0 

47 301 

50 927 

56 116 

61 986 

65 469 

68 037 

Carbon dioxide 

COa 

gas 

0 

51 061 

66 109 

64 331 

73 92 

80 09 


Methane 

CHi 

gas 

0 

44 5 

49 48 

59 21 




Octane 

CsHib I 

1 gas 

0 

no 82 

140 35 

200 35 




Dodecane 

' CiaHse 

gas 

0 

147 55 

191 57 

280 47 





• Table OOt 6/30/46, Ot 7/31/44, 7/31/46. It 8/31/44, 3t 10/31/44, 20t 11/30/46, API Research 
Project 44, National Bureau of Standards 

t The absolute entropy for liquid water at 32 F and 0 08854 psia is 0 8402 Btu Ibm”^ R' ‘ There- 
fore, the absolute entropy for HiO can be obtained by adding 0 8402 to the Steam Table values 
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Table XV — Pbopebties of Ammonia* 


Sat 
temp , 
F 

Aba 
preas , 
p8ia 

Volume, 
ft» lb«-i 

Bpeoi&o enthalpy and entropy taken from 

-40 F 


Specific 
enthalpy, h 

Entropy, 9 

100 F 
superheat 

200P 

superheat 

Liquid 

Vapor 

Liquid 

Vapor 

Liquid 

Vapor 

B 

9 

h 

9 

*•■40 

10 41 

0 02322 

124 86 

0 0 

597 6 

0 0 

1 4242 

640 3 

1 5353 

700 9 

1 6261 

-30 

13 9 

0 02345 

1 18 97 

10 7 

601 4 

0 0250 

1 4001 

654 0 

6101 

706 0 

1 6006 

-20 

18 3 

0 02369 

» 14 68 

21 4 

605 0 

0 0497 

1 3774 

658 3 

! 1 4868 

710 7 

1 5760 

-10 

23 74 

0 02393 

1 11 5 

32 1 

608 5 

0 0738 

1 3558 

662 7 

1 4647 

715 e 

; 1 5631 

0 

30 42 

0 0241Q 

9 116 

42 9 

611 8 

0 0975 

1 3352 

666 S 

1 4439 

720 3 

1 6317 

2 

31 02 

0 02424 

8 714 

45 1 

612 4 

0 1022 

1 3312 

667 6 

1 4400 

721 2 

1 5277 

4 

33 47 

0 02430 

8 333 

47 2 

613 0 

0 1069 

1 3273 

668 4 

1 4360 

722 2 

1 5236 

6 

34 27 

0 02432 

8 150 

46 3 

613 3 

0 1092 

1 3253 

668 8 

1 4340 

722 6 

1 5216 

6 

35 09 

0 02435 

7 971 

40 4 

613 6 

0 1115 

1 3234 

669 3 

1 4321 

723 1 

1 5196 

8 

36 77 

0 02440 

7 629 

61 6 

614 3 

0 1162 

1 3105 

670 1 

1 4281 

724 1 

1 6166 

10 

38 61 

0 02446 

7 304 

53 8 

614 9 

0 1208 

1 3157 

670 9 

1 4242 

725 0 

1 5115 

12 

40 31 

0 02451 

6 996 

66 0 

615 5 

0 1254 

1 3118 

671 7 

1 4205 

725 9 

1 6077 

14 

42 18 

0 02467 

6 703 

68 2 

616 1 

0 1300 

1 3081 

672 5 

1 4168 

726 8 

1 6039 

16 

44 12 

0 02462 

6 425 

60 3 

616 6 

0 1346 

1 3043 

673 4 

1 4130 

727 8 

1 6001 

18 

46 13 

0 02468 

6 161 

62 5 

617 2 

0 1392 

1 3006 

674 2 ! 

1 4093 

728 7 

1 

1 4063 

20 

48 21 

0 02474 ' 

5 910 

64 7 

617 8 

0 1437 

1 2969 

675 o| 

1 4056 

729 6 

1 4925 

22 1 

50 36 

0 02479 

5 671 

66 9 

618 3 

0 1483 

1 2933' 

675 8 

1 4021 

730 5 I 

1 4880 

24 

52 59 

0 02485 

5 443 

69 1 

618 g ' 

0 1628 

1 2897 

676 6 

1 3985 

731 4 

1 4853 

26 

64 90 

0 02491 

6 227 

71 3 

619 4 

0 1573 

1 2861 

677 3 

1 3950 

732 4 

1 4816 

28 

67 28 

0 02407 

5 021 

73 6 

619 9 

0 1618 

1 2825 

678 1 

1 3914 

733 3 

1 4780 

30 

59 74 

0 02503 

4 825 

75 7 

620 5 

0 1663 

1 2790 

678 9 

1 3879 

734 2 

1 4744 

32 

62 29 

0 02508 

4 637 

77 9 

' 621 0 

0 1708 

1 2755 

679 7 

1 3846 

736 1 

1 4710 

34 

64 91 

0 02514 

4 459 

80 1 

621 5 

0 1753 

1 2721 

680 4 

1 3812 

736 0 

1 4676 

36 

67 63 

0 02521 

1 

4 289 

82 3 

622 0 

1 

0 1797 

1 2686 

681 2 

1 3779 

736 8 

1 4643 

38 

70 43 

1 

0 02527 

4 126 

84 6 

I 

622 5 

0 1841 

1 2652 

681 9 

1 3746 

737 7 

1 4609 

39 

71 87 

iO 02530 

4 048 

86 7 

622 7 

0 1863 

1 2635 

1 682 3 

1 3729 

738 2 

1 4692 

40 

73 32 

|o 02533 

3 971 

86 8 

623 0 

0 1885 

1 1 2618 

1 682 7 

1 3712 

i 738 6 

1 4676 

41 

74 80 

0 02536 

3 897 

; 87 9 

623 2 

0 1908 

1 2602 

683 1 

1 3696 

739 0 

1 4569 

42 

76 31 

0 02539 

3 823 

80 0 

623 4 

0 1930 

1 2585 

683 4 

1 3680 

739 6 

1 4542 

44 

79 38 

0 02545 

3 682 

91 2 

623 9 

0 1974 

1 2552 

684 2 

1 3648 

740 4 

1 4610 

46 

82 55 

0 02551 

3 547 

03 6 

624 4 

0 2018 

1 2519 

684 0 

1 3616 

741 3 

1 4477 

48 

85 82 

0 02558 

3 418 

96 7 

624 8 

0 2062 

1 2486 

685 6 

1 3584 

742 2 

1 4445 

50 

89 19 

0 02564 

3 294 

97 9 

625 2 

0 2105 

1 2453 

686 4 

1 3552 

743 1 

1 4412 

62 

02 66 

0 02571 

3 176 

100 2 

626 7 

0 2140 

1 2421 

687 1 

1 3521 

744 0 

1 4382 

64 

96 23 < 

0 02577 

3 063 

102 4 

626 1 

0 2102 

1 2380 

687 8 

1 3491 

744 8 

1 4351 

66 

99 91 1 

0 02584 

2 054 

104 7 

626 5 

0 2236 

1 2367 

688 5 

1 3460 

745 7 

1 4321 

68 

103 7 1 

[> 02590 

2 851 

106 9 

626 9 

0 2279 

1 2325 

689 2 

1 3430 

746 6 

1 4290 

60 

107 6 1 

0 02597 

2 751 

109 % 

627 3 

0 2322 

1 2294 

680 9 

1 3309 

747 4 

1 4260 

62 

111 6 

0 02604 

2 656 

111 5 

627 7 

0 2365 

1 2262 

690 6 

1 3370 

748 2 

1 4231 
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Tabls XV -^Propbbtibs of Ammonia ♦ — {Continued) 



• IT Btu and Ibm, data are mainly from *' Heating. Ventilating, Air Conditioning Guide/* 
Amanoan Society of Heating and Ventilating Engmeera. New York, 1947 
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THERMODYNAMICS 


Tablb XVI. — Pkopkbtibs of Dichlorodifluorombthane (F-12)* 


Specific enthalpy and entropy taken from —40 F 


Abe 

press 

pBia 

Volume, 

ft« 


Liquid 

Vapor 

9 32 

0 0106 

3 911 

12 02 

0 0107 

3 088 

15 28 

0 0108 

2 474 

19 2 

0 0109 

2 003 

23 87 

0 0110 

1 037 

24 89 

0 0110 

1 574 

26 96 

0 0111 

1 514 

26 51 

0 0111 

1 485 

27 06 

0 0111 

1 457 

28 18 

0 0111 

1 403 

29 35 

0 0112 

1 361 

30 56 

0 0112 

1 301 

31 80 

0 0112 

1 253 

33 08 

0 0112 

1 207 

34 40 

0 0113 

1 163 

35 75 

0 0113 

1 121 

37 15 

0 0113 

1 081 

38 58 

0 0113 

1 043 

40 07 

0 0114 

1 007 

41 59 

0 0114 

0 973 

43 16 

0 0115 

0 939 

44 77 

0 0115 

0 908 

46 42 

0 0115 

0 877 

48 13 

0 0116 

0 848 

49 88 

0 0116; 

0 819 

50 78 

* 0 0116 

0 806 

51 68 

0 0116 

0 792 

52 70 

0 0116 

0 779 

53 51 

0 0116 

0 767 

55 40 

0 0117 

0 742 

67 35 

0 0117 

0 718 

59 35 

0 0117 

0 695 

61 39 

0 0118 

0 673 

63 49 

0 0118 

0 652 

65 63 

0 0118 

0 632 

67 84 

0 0119 

0 612 

70 10 

0 0119 

0 593 

72 41 

0 0119 

0 576 

74 77 

0 0120 

0 667 


Specific Entro ^ ^ 

enthalpy, h superheat superheat 


0 0 73 5 0 0 0 17517 76 85 0 18277 80 25 0 19020 

2 03 74 7 0 00471 0 17387 78 05 0 18147 81 45 0 18890 

4 07 75 87 0 00940 0 17275 79 22 0 18035 82 62 0 18778 

6 14 77 05 0 01403 0 17175 80 48 0 17918 84 01 0 18639 

8 25 78 21 0 01869 0 17091 81 71 0 17829 85 26 0 18547 

8 67 78 44 0 01961 0 17075 81 94 0 17812 85 51 0 18529 

9 10 78 67 0 02052 0 17060 82 17 0 17796 86 76 0 18511 

9 32 78 79 0 02097 0 17052 82 29 0 17786 85 89 0 18502 

9 63 78 90 0 02143 0 17045 82 41 0 17778 86 01 0 18494 

9 96 79 13 0 02235 0 17030 82 66 0 17763 86 26 0 18477 

10 39 79 36 0 02328 0 17015 82 90 0 17747 86 51 0 18460 

10 82 79 59 0 02419 0 17001 83 14 0 17733 86 76 0 18444 

11 26 79 82 0 02510 0 1 6987 83 38 0 17720 87 01 0 18420 

11 70 80 05 0 02601 0 16974 83 61 0 17700 87 26 0 18413 

12 12 80 27 0 02692 0 10961 83 85 0 17093 87 51 0 18397 

12 55 80 49 0 02783 0 10940 84 09 0 17679 87 76 0 18382 

13 00 80 72 0 02873 0 16938 84 32 0 17666 88 00 0 18369 

13 44 80 96 0 02963 0 1G926 84 55 0 17662 88 24 0 18355 

13 88 81 17 0 03053 0 16913 84 79 0 17639 88 49 0 18342 

14 32 81 39 0 03143 0 16900 85 02 0 17625 88 73 0 18328 

14 76 81 61 0 03233 0 16887 85 25 0 17612 88 97 0 18315 

15 21 81 83 0 03323 0 16876 85 48 0 17600 89 210 18303 

16 65 82 05 0 03413 0 16805 85 71 0 17589 89 45 0 18291 

16 10 82 27 0 03502 0 16854 85 95 0 17577 89 68 0 18280 

16 55 82 49 0 03591 0 16843 86 18 0 17566 89 92 0 18268 

16 77 82 60 0 03636 0 16838 86 29 0 17560 90 04 0 18262 

17 00 82 71 0 03080 0 16833 86 41 0 17554 90 16 0 18256 

17 23 82 82 0 03725 0 16828 80 52 0 17549 90 28 0 18251 

17 46 82 93 0 03770 0 16823 86 64 0 17544 90 40 0 18245 

17 91 83 15 0 03859 0 16813 86 86 0 17634 90 65 0 18235 

18 36 83 36 0 03948 0 16803 87 09 0 17525 90 89 0 18224 

18 82 83 57 0 04037 0 16794 87 31 0 17515 91 14 0 18214 

19 27 83 78 0 04126 0 16785 87 54 0 17505 91 38 0 18203 

19 72 83 99 0 04215 0 16776 87 76 0 17496 91 61 0 18193 

iO 18 84 20 0 04304 0 16767 87 98 0 17486 91 83 0 18184 

10 64 84 41 0 04392 0 16758 88 20 0 17477 92 06 0 18174 

11 11 84 62 0 04480 0 16749 88 42 0 17467 92 28 0 18165 

II 57 84 82 0 04668 0 16741 88 64 0 17468 92 61 0 18165 

\2 03 85 02 0 04657 0 16733 88 86 0 17460 92 74 0 18147 
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Table XVI. — Pbopebties of Dichlorodifluorombthane (F-12) * — (Continued) 


Volume, 


Sat 
temp , 
F 

Abs 

press 

paia 


ft* Ibro' 

-1 

Liquid 

Vapor 

64 

77 

20 

0 

0120 

0 

540 

66 

79 

67 

0 

0120 

0 

524 

68 

82 

24 

0 

0121 

0 

508 

70 

84 

82 

0 

0121 

0 

493 

72 

87 

50 

0 

0121 

0 

479 

74 

90 

20 

0 

0122 

0 

464 

76 

93 

00 

0 

0122 

0 

451 

78 

95 

85 

0 

0123 

0 

438 

80 

98 76 

0 

0123 

0 

425 

82 

101 

70 

0 

0123 

0 

413 

84 

104 

8 

0 

0124 

0 

401 

86 

107 

9 

0 

0124 

0 

389 

88 

111 

1 

0 

0124 

0 

378 

90 

114 

3 * 

0 

0125 

0 

368 

92 

117 

7 

0 

0125 

0 

357 

94 ‘ 

121 

0 

0 

0126^ 

0 

347 

96 

124 

5 

0 

0126' 

0 

338 

98 

128 

0 

0 

0126 

0 

328 

100 ' 

131 

6 

0 

0127 

0 

319 

102 

135 

3 

0 

0127 

0 

310 

104 

139 

0 

0 

0128 

0 

302 

106 

142 

8 

0 

0128 

0 

293 

108 

146 

8 

0 

0129 

0 

285 

110 

150 

7 

0 

0129 

0 

277 

112 

154 

8 

0 

0130 

0 

269 

114 

158 

9 

0 

0130 

0 

262 

116 

163 

1 

0 

0131 

0 

254 

118 

167 

4 

0 

0131 

0 

247 

120 

171 

8 

0 

0132 

0 

240 

122 

176 

2 

0 

0132 

0 

233 

124 

180 

8 

0 

0133 

0 

227 

126 

185 

4 

0 

0133 

0 

220 ' 

128 

190 

1 

0 

0134 

0 

214 1 

130 

194 

9 

0 

0134 

0 

208 

132 

199 

8 

0 

0135 

0 

202 

134 

204 

8 

0 0135 

0 

196 

136 : 

209 

9 

0 0136 

0 

191 

138 

215 

0 

0 

0137 

0 

185 

140 

220 

2 

0 

0138 

0 

180 


Specific enthalpy and entropy taken from —40 F 


Specific 

entlialpy 

h 

Entropy 9 

25 P 

superheat 

50 F 

superheat 

Liquid 

Vapor 

Liquid 

Vapor 

h 


h 

« 

22 

49 

85 

22 

0 

04745 

0 

16725 

89 

07 

0 

17442 

92 

97 

0 

18139 

22 

95 

85 

42 

0 

04833 

0 

16717 

89 

29 

0 

17433 

93 

20 

0 

18130 

23 

42 

85 

62 

0 

04921 

0 

16709 

89 

50 

0 

17426 

93 

43 

0 

18122 

23 

90 

85 

82 

0 

05009 

0 

16701 

89 

72 

0 

17417 

93 

66 

0 

18114 

24 

37 

86 

02 

0 

05097 

0 

16693 

89 

93 

0 

17409 

93 

99 

0 

18106 

24 

84 

86 

22 

0 

05185 

0 

16685 

90 

14 

0 

17402 

94 

12 

0 

18098 

25 

32 

86 

42 

0 

05272 

0 

16677 

90 

36 

0 

17394 

04 

34 

0 

18091 

25 

80 

86 

61 

0 

05359 

0 

16669 

90 

57 

0 

17387 

94 

57 

0 

18083 

26 28 

86 

80 

0 

05446 

0 

16662 

90 

78 

0 

17379 

94 

80 

0 

18075 

26 76 

86 

99 

0 

05534 

0 

16655 

90 

98 

0 

17372 

95 

01 

0 

18068 

27 

24 

87 

18 

0 

05621 

0 

16648 

91 

18 

0 

17365 

95 

22 

0 

18061 

27 

72 

87 

37 

0 

05708 

0 

16640 

91 

37 

0 

17358 

95 

44 

0 

18054 

28 21 

87 

56 

0 

05795 

0 

16632 

91 

67 

0 

17351 

95 

65 

0 

18047 

28 

70 

87 

74 

0 

05882 

0 

16024 

91 

77 

0 

17344 

95 

86 

0 

18040 

29 

19 

87 

92 

0 

05969 

0 

16616 

91 

97 

0 

17337 

96 

07 

0.18033 

29 

68 

88 

10 ' 

0 

06056 

0 

16608 

92 

16' 

0 

17330' 

96 

28 

0 

18026 

30 

18 

88 

28 

0 

06143 

0 

16600 

92 

36 

0 

17322 

96 

50 

0 

18018 

30 

67 

88 

45 

0 

06230 

0 

16592 

92 

55 

0 

17315 

96 

71 

0 

18011 

31 

16 

88 

62 

0 

06316 

0 

16584 

92 

75 

0 

17308 

96 

92 

0 

18004 

31 

65 

88 

79 ; 

0 

06403 

0 

16576 

92 

93 

0 

17301 

97 

12 

0 

17998 

32 

15 

88 

95 

0 

1 

06490j 

0 

16568 

93 

11 

0 

17294 

97 

32 

0 

17993 

32 

65 

89 

11 

0 

06577' 

0 

16560 

93 

30 

0 

17288 

97 

53 

0 

17987 

33 

15 

89 

27 

0 

06663 

lO 

16551 

: 93 

48 

0 

17281 

97 

73 

0 

17982 

33 

65 

89 

43 

0 

06749 

0 

16542 

93 

66 

0 

17274 

97 

93 

0 

17976 

34 

16 

89 

58 

0 

06836 

0 

16533 

93 

82 

0 

17266 

98 

11 

0 

17969 

34 

65 

' 89 

73 

0 

06922 

0 

16524 

93 

98 

0 

17258 

98 29 

0 

17961 

35 

15 

89 

87 

0 

07008 

0 

16515 

94 

15 

0 

17249 

98 48 

0 

17954 

35 

65 

90 

01 

0 

07094 

0 

16505 

94 

31 

0 

17241 

98 

66 

0 

17946 

36 

16 

90 

15 

0 

07180 

0 

16495 

94 

47 

0 

17233 

98 

84 

0 

17939 

36 

66 

90 

28 

0 

07266 

0 

16484 

94 

63 

0 

17224 

99 

01 

0 

17931 

37 

16 

90 

40 

0 

07352 

0 

16473 

94 

78 

0 

17215 

99 

18 

0 

17922 

37 

67 

90 

52 

0 

07437 

0 

16462 

94 

94 

0 

17206 

99 

35 

0 

17914 

38 

18 

90 

64 

0 

07522 

0 

16450 

95 

09 

0 

17196 

99 

53 

0 

17906 

38 69 

90 

76 

0 

07607 

0 

16438 

95 

25 

0 

17186 

99 70 

0 

17897 

39 

19 

90 

86 

0 

07691 

0 

16425 

95 

41 

0 

17176 

90 

87 

0 

17889 

39 

70 

90 

96 

0 

07775 

0 

16411 

95 

56 

0 

17166 

100 04 

0 

17881 

40 21 

91 

06 

0 

07858 

0 

16396 

05 

721 

D 

17156 

100 

22 ' 

0 

17873 

40 72 

91 

15 

0 

07941 

0 

16380 

95 

87 1 

0 

17145 

100 39 

0 

17864 

41 

24 

91 

24 

0 

06024 

0 

16363 

96 

03 < 

0 

17134 

100 

56 

0 

17866 


* IT Btu and lbi»t units, data are mainly from Heating, Ventilating Air Conditioning Guide,” 
American Society of Heating and Ventilating Engineers New York, 1947 
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A 

Absolute centigrade scale, 115-116 
Absolute entropy, 120-121, 396-397, 551 
Absolute Fahrenheit scale, 115-116 
Absolute pressure, 14, 176-177, 532 
Absolute temperature, 114-115 
Absolute velocity, 69-70 
Absorber, 517 

Absorption refrigeration, 517-519 
Acceleration of gravity, 2, 531 
Acoustic velocity, 263-264 
Additive pressure law, 344-348 
Dalton’s, 177-178, 316, 344 
Additive volume law, 344-348 
Amagat’s, 317, 344 

Adiabatic coefficient of discharge, 277 
Adiabatic compression efficiency, 237n 
Adiabatic mixing, 339-340 
Adiabatic process (see Nonflow process. 
Nonsteady-flow process, Steady- 
flow process) 

Adiabatic saturation, 335-336 
Aftercooler, 300 

Air, adiabatic saturation of, 335-336 
composition of, 330 
excess, 359 
free, 232 

mixing of streams of, 339-340 
tables and charts of properties, 238- 
243, 330, Figs lA, II, V, IX 
Appendix 
theoretical, 358 
Air compression, 226-238 
Air compressors, 58-66, 228-237 
Air conditioning, 339-344 
Air ejector, 299-301 
Air-fuel ratio, 359 

in combustion engmes, 462-463, 469- 
‘410 


Air injection, diesel, 468-469 
Air preheater, 430 

Air-standard analysis, comparison of 
cycles, 472-474 

of Brayton (Joule) cycle, 479-485 
of Diesel cycle, 470—471 
of dual cycle, 471-472 
of Otto cycle, 464-468 
Air washer, 342 
Amagat’s law, 317, 344 
American Society of Mechanical En- 
gineers (ASME) Fhiid Meters 
Report, 284-286 

Ammonia, properties of, 552-553 . 

as refrigerant, 507 
Ampere, 10, 34 

Analysis, gravimetric, ultimate, or 
volumetric, 319, 360 
Analyzer, Orsat, gas, 363-365 
refrigeration, 518 
Ash, 368 

ASME {see American Society of Me- 
chamcal Engineers) 

Atmosphere, standard, 14, 532 
thermodynamic, definition of, 83 
Availability, 442-445 
of heat, 84, 126-130, 389-392, 431- 
434 

Availability function, 434-435 
Available energy, defimtion of, 83, 
434-A35 

discussion of, 83-92, 128, 434-436 
loss of, 84-90, 110, 135-137, 437-442 
Avogadro’s law, 178 
Axial-flow compressor, 64-66 

B 

Baker, G. T,, 494 
Bean, H. S., 280 
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Beardsley, M W , 534 
Beattie, J A , 542 
Beattie-Bridgeman equation, 196 
constants for, 542 
Beitler, S R , 280 
Benjamin, M W , 311 
Bernoulli's equation, 103, 271-272 
Berthelot equation, 195 
Binary-vapor cycle, 425—428 
fluid for, 428 
Birge, R T , 539 
Birmingham wire gauge, 637 
Blower, 63-64 
Boiler, 55-56, 58 
Bomb calorimeter, 371-372 
Boundary of system, 27 
Bourdon gauge, 542 
Boyle's law, 179 

Brake mean effective pressure, 454-455 
Brayton cycle, 479-480 
Bndgeinan, O C , 642 
Bridgman, P W , 21, 150 
British thermal unit (IT Btu), 32-33, 
538 

conversion factors for, 532 
definition, 538 
mean, 33 

Burgess, G K , 119n 
C 

Calorie, IT, 33, 538 

conversion factors for, 632 
defined, 538 
mean, 33 

Calorimeter, for heatmg values, 371- 
374 

throttling, for steam, 164-168 
Capacity, compressor, 232, 503 
Carbon dioxide, Fig III Appendix 
from combustion, 357-360 
as refrigerant, 508 

Carnot cycle, 111-112, 121-122, 126- 
127, 406-409, 456-458, 498-500 
thermal efficiency of, 114, 117-118 
Carnot function, 114 
Carnot heat pump, 112-113, 498-500, 
519-524 

Carnot premise, 111, 126, 406 


Carnot refrigerating machine, 498-600 
Carrier's equation, 337 
Cascade system of refrigeration, 608- 
510 

Centigrade scale, 14, 115, 149 
Centimeter, 2, 531 

Centrifugal compressor or pump, 62-65 
Check valves, compressor, 59 
Chemical energy, 25-26, 370-371 
Chemical equations, balancing of, 357- 
359 

Chemical equilibrium, 381-382 
constants for, 382-387, Fig VI, 
Appendix 

effect of excess component on, 385- 
386 

effect of pressure on, 384-385 
Chemical reaction, 357-397 
reversible, 382-384 
Clearance, 59, 229, 232 
per cent, 231 

Closed heat exchanger, 300-301, 420, 
422, 430n , 483-490, 511, 514, 622 
Closed system, 27, 49-54, 74-75, 85-87, 
370 

work of, 90-91, 390 
Coal, 360 

Coefficient of discharge, 277, 279-280 
Coefficient of performance, of heat 
pump, 519-520 
in refrigeration, 497, 519 
Coefficient of velocity, 266 
Combustion, analysis of products of, 
363-36.5 

availability from, 126-130, 389-392, 
431-434 

chemical equations for, 357-363 
of coal, 360—361 
in diesel engine, 468-470 
excess air for, 359 
heat of, 371-374, 550 
methods of analysis of, 360-370 
of octane, 358-360 
in Otto engine, 461—463 
products of, 359, 361 
reversible process of, 389-392, 459- 
460 

sensible heat loss from, 362-363 
temperature of, 380-381 



INDEX 


559 


CombuBtion, theoretical air for, 358 
Combustion engine, 458-464, 466, 468- 
470, 474-475 
Comings, E W , 21 
Components, 28-29, 319 
Compressed liquid, 151, 158 
Compressibility factors, 196-198, 200- 
204, Figs VII, VIII Appendix 
in additive pressure or volume laws, 
346-347 

Compression, comparison of processes 
for, 226-227 
dry and wet, 502 

irreversible, 58-66, 131, 159, 224- 
226, 439 

multistage, 234-237, 510-514 
reversible, 83-100, 158-161, 220-223, 
226-227, 230-231, 235-237, 242- 
243 

(See also Nonflow process, Steady- 
flow process) 

Compression efficiency, 159, 237-238, 
405 

Compression ignition engine (see Diesel 
engine) 

Compression ratio, 242, 455 
Compression shock, 264-265, 290 
Compressors, axial-flow, 64-66 
capacity of, 232, 503 
centrifugal, 62-65 
conventional card for, 230 
displacement of, 232 
double-acting, 58-59 
efficiency of, 237-238 
indicator diagrams of, 228-230 
mtercooler for, 234-235 
mechanical efficiency of, 237 
multistage, 234-237, 510-514 
reciprocating-piston, 58-62, 236 
steam-jet, 301-302 
volumetric efficiency of, 231-232 
conventional, 232 
Condenser, effectiveness of, 441 
in refrigeration cycle, 498 
steam, 72-73, 299-300, 415n 
surface, 72-73 
Conduction, 31 
Conservation of energy, 47 
Constant-volume gas thermometer, 181 


Constants, Beattie-Bridgeman, 542 
critical, 541 

equilibrium, 382-387, Fig VI Ap- 
pendix 

specific gas, 182, 541 
universal gas, 182, 538-539 
van der Waals, 194, 542 
Constituents, 319 
Contmmty equation, 57 
Convection, 31-32 
Conventional indicator card, 230 
Conventional volumetric efficiency, 232 
Convergent nozzle (see Nozzle) 
Conversion of units, 4 
Conversion factors, 531-533 
Coding tower, 343 

Coordinates, thermodvnamio, 139, 147 
Correction factor for initial velocity, 
67, 253-254, 276n 

Corresponding states, 198-199, 202- 
203 

Coulomb, 10, 34 
Cntical constants, 541 
Critical point, 150-151, 193 
Critical pressure, 148, 160 
for mixture, 379 
ratio for nozzles, 259 
Critical ratio, 194, 541 
Critical temperature, 148, 152 
Curtis, H L , 539 

Cycle, air-standard, 464-468, 470-474, 
479-485 

bmary-vapor, 425-428 
Bray ton (Joule), 479-480 
Carnot, 111-112, 121-122, 126-127, 
406-109, 456^58, 498-500 
definition of, 74 
Diesel, 470-472 
dual, 471^172 
effectiveness of, 431 
Ericsson, 478 
extraction, 419-420 
four-stroke, 461 
heat rate for, 428 
mechamcal, 229 
mercury-vapor, 425-428 
Otto, 464-468 
Rankine, 410-414 
refngerating (see Hefrigeration) 
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Cycle, regenerative, 18Q-181, 419-425, 
475-478, 483-485 
reheat, 417-419, 487 
steam, 73-76, 405-428 
Stirhng, 475-477 
thermal efficiency of, 76, 129 
two-stroke, 475 
vapor-compression, 500-617 

D 

Dalton^s law, 177-178, 316, 344 
Dameus, G , 449 

Datum, 29, 120-121, 122, 302n , 307 
Dead state, 83-84, 443-445 
Degradation of energy, 110, 135-137, 
437-442 

Degrees of freedom, 186 
Dehumidifying, 341 
Density, 12, 533 
Dependent property, 29 
Detonation, m diesel engine, 469 
in Otto engine, 463 
Dew point, 330-331 
of products of combustion, 365- 
366 

Diatomic gases, 186 
Dichlorodifluoromethane, 507, 554-555 
Diesel cycle, 470-472 
comparison with Otto cycle, 472- 
474 

Diesel engine, 468-470, 474-475 
Dietenci equation, 195 
Diffuser, 62, 89-90, 278 
Dimensional analysis, 15-18 
Dimensional constants, 7 
Dimensions, 1-15 

Discharge, coefficient of, 277, 279-280 
Displacement, compressor, 232 
piston, 95, 229 
Dissociation, 381-382 
Diver, J R , 534 
Dodge, B F , 208, 402 
Draft gauge, 544 
Dry-bulb temperature, 330 
Dry compression, 602 
Dual cycle, 471—472 
Dynamic pressure, 289 
Dyne, 9, 631 


E 

Economiser, 430n 
Effectiveness, of cycle, 431 
of process, 436-437 
condenser, 441 
heater, 440-441 
pump, 439-440 
reheater, 441-442 
turbme, 437-439 
Efficiency, adiabatic, 237 ti. 
compression, 159, 405 
compressor, 237-238 
expansion (engme), 405 
furnace, 389 
heat exchanger, 484 
isentropic compression, 237-238 
isothermal compression, 238 
mechanical, 237, 474 
nozzle, 265-266 
over-all, 238 

pump (compression), 159 
regenerator, 484 
relative, 499 
thermal (cycle), 75 
volumetric, 231-232, 474 
Ejector, air, 299-301 
Electrical energy, 10, 34 
Ellenwood, F 0 , 208 
Emf (electromotive force), 10, 34 
Energy, available {see Available energy) 
chemical, 25-26, 370-371 
classification of, 25-26, 37-41, 97, 
140-141 

conservation of, 47 
conversion factors of, 532 
degradation of, 110, 135-137, 437-442 
electrical, 10, 34 
equipartition of, 186 
flow, 37-39, 84, 96n. 
free, 389-395 
of formation, 651 

internal, 25-26, 179, 370-371, 647- 
548 

of mixtures, 321 
kmetic, 25, 36-37, 83, 303 
law of conservation of, 47 
potential, 25, 34—35, 83 
radiant, 31 
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Energy, rotational, 186 
stored, 26-26, 39-41, 370-371 
unavailable, 83-84, 110, 135-137, 
437-i42 

units for, 8, 26, 34-39, 532 
vibrational, 186 

Energy equations, general, 47-49, 56 
Engine (expansion) efficiency, 405 
Engine indicator, 92-95 
Enthalpy, of gas mixtures, 321 
of gas-vapor mixtures, 334, 337 
of hquid leaving pump, 158-161 
of low-pressure steam, 338 
of perfect gas, 187 
relative, 375-376 
of subcooled liquid, 151, 158 
Enthalpy function, 549 
Entropy, absolute, 120-121, 396-397, 
551 

change in chemical reaction, 397 
change at constant pressure, 123-124, 
157 

change at constant volume, 123 
change in irreversible process, 131- 
138, 437-442 

change m isolated system, 134^138 
change for perfect gas, 212-213, 221 
definition of, 119-121, 396-397 
of mixtures, 321-323 
pnnciple of the mcrease of, 132, 133- 
138 

umts of, 120 

Equation, Bernoulb, 103, 271-272 
contmuity, 57 

hydrauhc, 103, 271-272, 284 
of state, Beattie-Bndgeman, 196, 542 
Berthelot, 195 
constants for, 194-196, 542 
Dietenci, 195 
generalized, 204-205 
Onnes, 195 
perfect gas, 182 

van der Waals, 190-192, 345-346, 
542 

system, 138 

Equihbnum, chemical, 381-382 
metastable, 147, 291-299 
thermod 3 mamic, 28, 147 
Equihbrium box, 382 


Equilibnum constants, 382-387, Fig VI 
Appendix 

Equihbnum (phase) diagram, 149-151 
Equipartition of energy, 186 
Erg, 10, 532 
Encsson engme, 478 
Eshbach, O W , 21, 631 
Evaporation, 327-328 
Evaporative cooling, 341-342 
Evaporator, 498 
Excess air, 359 
Expansion, free (Joule), 64 
Joule-Thomson, 68, 165 
Expansion ratio, 455 
Extensive properties, 28 
Extraction turbine, 421n 

F 

Fahrenheit scale, 14, 115, 149 
Fan and blower, 63-64 
Feather valve, 59 

Feed-water heater, closed, 300-;301, 
420, 422, 430n, 483-490, 511, 614, 
622 

open, 420, 422, 614 
Femald, E , 494 

Filhng process, nonsteady, 305-307 
First Law of Thermodynamics, 47 
hmitations of, 75, 109 
Fittz, R U , 527 

Flame temperature, theoretical, 380- 
381 

Flash chamber, 511-515 
Flow, across boundary, 37-39, 302-307 
ASME Fluid Meters Report of, 
284-286 

Bernoulli’s equation of, 103, 271- 
272 

energy of, 37-39, 84, 96n 
frictional («e« Friction, fluid) 
lammar (viscous), 272-273 
measurement of, 274-286 
metastable, 291-299 
nonsteady, 39-41, 302-307 
turbulent, 272-273 
velocity distribution m, 273 
work of, 37-39, 96n. 

Flow nozzle, 279-280 
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Flue gas, analyzer for, 363-365 
temperature of, 389 
Fluid friction {see Faction, fluid) 

Foot, 2 
Force, 2, 531 
Forced convection, 32 
Four-stroke cycle, 461 
Free air, 232 
Free convection, 32 
Free energy, 389-395 
of formation, 651 
standard, 392-393 
Free (Joule) expansion, 54 
Freon F-12, 507, 554-655 
Faction, fluid, 51, 64, 67-68, 70-71, 
86-87, 101-103, 139-140, 265-269 
mechanical, 51, 60, 64, 85 
Fuel, analysis of, 360 
heating value of, 371-374, 550 
Fuel-air ratio, 359 
Furnace, efficiency of, 388-389 

G 

Gas analyzer, 363-365 
Gas calorimeter, 373-374 
Gas constant, specific, 182, 541 
umversal, 182, 538-539 
Gas thermometer, 181 
Gas turbme, 69-72, 478-490 
Gases, compressibihty factors for, 196- 
198, 200-204, Fig VII, VIII 
Appendix 

constants for, 182, 538-539, 541 
definition of, 151 

equation of state for, 182, 195-196 
heat capacities of {see Heat capacity) 
ideal {see Ideal gas) 
internal energy of {see Internal 
energy) 

kmetic theory of, 175-179, 184-192, 
327 

laws of, Avogadro^s, 178 
Boyle^s, 179 
Dalton^s, 177, 316 
Joule’s, M, 179 
mixtures of, 315-349 
perfect (see Ideal gas) 

Gauge, Bourdon, 542 


Gay, N. R , 208 

General energy equations, 47-49, 56 
Generalized compressibility factors, 
200-204, Figs VII, VIII Ap- 
pendix 

Generalized equation of state, 204-205 

Generator, 517 

Gibb’s free energy, 391 

Goodenough, G A , 494 

Goodenough-Baker analysis, 466, 471 

Governor, speed, 68-69 

Gram, 2, 531 

Gram mole, 183 

Graphical solutions, 203-204 

Gravimetric analysis, 319 

Gravity, standard acceleration of, 2, 531 

H 

Head, 270-272 

Heat, availability of, 84, 126-130, 389- 
392, 431-434 

of combustion, 371-374, 550 
conduction of, 31 
convection of, 32 
definition of, 30 
of formation, 376-376, 551 
of fusion, 151 
latent, 151-162 
mechamcal equivalent of, 33 
of reaction, 370-372, 379 
sensible, 362-363 
and Ts diagram, 121-125 
units for, 32-34 
of vaporization, 161-152 
and work, 30-31, 50, 121, 140 
Heat capacity (specific heat), 97-101, 
534-535, 637, 541, 549, Fig I 
Appendix 

definition of, 99-100 
effect of temperature and pressure 
on, 188-189, Fig I Appendix 
empirical equations for, 1 00, 223, 534 
enthalpy function, 549 
mean values of, 535, 537, 541, 549 
of metals, 537 
of mixtures, 321 
polytropic, 221 
ratio of, 100, 186 
theoretical values of, 184-186 



INDEX 


663 


Heat engine, 111-112 
Heat exchanger, closed, 72-73, 300-301, 
420, 422, 430n , 483^90, 611, 614, 
622 

counterflo\r, 129-130 
open, 420, 422, 514 
effectiveness of, 440-441 
efficiency of, 484 

Heat pump, 112-113, 498-500, 519-624 
coefficient of performance of, 519-520 
definition of, 520 
Heat rate, 67, 428-429 
Heat reservoir, 109, 110, 126-130, 134, 
180, 388-389 
Heat sink, 133 
Heater (see Heat exchanger) 

Heating cycle, 519-524 
Heating value, calorimeters for, 371-374 
of fuels, 371-374, 550 
higher and lower, 376-378 
table of values of, 550 
variation with temperature, 379 
Helmholtz free energy, 391 
Heterogeneous system, 29 
Higher heating value, 376-378 
Holland, C K , 311 
Homogeneous system, 29 
Horsepower, 230 
per ton of refngeration, 497 
Hot well, 73 
Hottel, H C., 287 
hs diagram (see Molher diagram) 
Humidifying, 341-342 
Humidity, ratio, 331-332 
relative, 331 
specific, 331-332 
Hurd, C. 0 , 171 
Hydraulic coefficient, 277 
Hydrauhc equation, 103, 271-272, 284 
Hydrocarbons, 358-360 
Hygrometry, 330-343 

I 

Ice, 148-152 
Ice point, 14, 115, 149 
Ide^ fluid, for Rankme cycle, 416- 
416 

for vapor-compression cycle, 506-507 


Ideal gas, definition of, 175 
enthalpy of, 187, 321, 334, 337, 338 
entropy of, 120-121, 212-213, 221, 
396-397, 551 
equation of state of, 182 
heat capacities of, 100, 184-189, 634, 
535, 549 

internal energy of, 179, 184-188, 
647-548 

mixmg of, 323-324 
and pv and Ts diagrams, 218-219, 
223-224 

pressure of, 176-178 
temperature of, 178-181 
relationships for, 212 
Ignitaon, compression (see Diesel engine) 
spark (see Otto engine) 

Impact pressure, 288-289 
Impact temperature, 286-287 
Impeller, 62 
Impulse turbine, 69-70 
Incompressible fluid, flow of, 271-272, 
284 

Independent property, 29 
Indicated horsepower, 230 
Indicated mean effective pressure, 95, 
229, 454-455, 457 
Indicator, engme, 92^5 
Indicator diagram, 94, 228-230 
Injection, air, 468^69 
Injector, 301-302 
Instrument factor, 290 
Intensive property, 28 
Intercooler, 234-235, 2&9-300, 510-511, 
513-514 

Internal combustion engine, diesel, 
468^70, 474-476 
Otto, 461-164, 466, 474-175 
reversible, 459—460 

Internal energy, in chemical reaction, 
370-371 

defimtion of, 25-26 
of gas mixtures, 321 
of perfect gas, 179, 184-190, 547- 
548 

International electrical units, 10, 532 
International Steam Table (IT) units, 
33, 532 

International temperature scale, 119 
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Irreversibility, criterion of, 84—90, 137^ 
138, 442-446 

from dissipation of electrical energy, 
519 

external and internal, 90, 122-123 
from fluid turbulence, 85, 86-87, 101- 
102, 137, 159, 265-269, 436-437 
from mechanical friction, 85-86 
from mixing, 323-325 
from temperature differences, 88, 117, 
135-136, 411n , 431-434, 501 
Irreversible process, 61, 86-90, 131-132, 
224-226, 323-324, 436-439 
compression and, 58-66, 131, 159, 
224-226, 439 

entropy change m, 131-138, 437-442 
expansion and, 86-87, 101-103, 132, 
601 

n value for, 224-226 
and the /pdr, 101-103 
on the pv diagram, 91 
and the JTds, 139-141 
on the Ta diagram, 130-132 
Isentropic compression efficiency, 237- 
238 

Isentropic process, and compression of 
hquidfl, 158-161 
in compressor, 226-227 
definition of, 122 
for mixtures, 325-327 
m nozzle, 254-255 
for perfect gas, 222-223 
with variable heat capacity, 223 
(See also Nonflow process, Steady- 
flow process) 

Isolated system, 134-138 
Isothermal compression efficiency, 238 
Isothermal process, m compressor, 
226-227 
definition of, 53 
for perfect gas, 216-217 

(See also Nonflow process, Steady- 
flow process) 

IT, Btu and calorie (see International 
Steam Table umts) 

J 

Jet pumps, 299-302 
Jones, C L , 171 


Joule (unit), 10, 632 
Joule cyele, 479^80 
Joule’s equivalent, 33, 638-539 
Joule’s experiment, 53-54, 179 
Joule’s law, 64, 179 
Joule-Thomson expansion, 68, 165 
Junker's calonmeter, 373 

K 

k values, 100, 260, 641, Fig 14 
Appendix 

Kalitinsky, A , 287 
Kay, W B , 349 
Kaye, J , 171, 238 
Keenan, J H , 144, 171, 238, 449 
Kelvin temperature scale, 115-116 
as originally proposed, 118-119 
Kiefer, P J , 144 
Kiel probe, 289 
Kilocalorie, 33 
Kilogram, 2 
Kilowatt hour, 33 
Kinetic energy, 25, 36-37, 83, 303 
in lammar and turbulent flow, 274 
Kmetic theory, 175-179, 184-192, 327 
King, W J , 288 
Korpi, K J , 345 
Kuhk, N , 208 

L 

Lacey, W N , 345 
Lammar flow, 272-273 
Latent heat, 151-152 
Law” of additive pressure, 316, 344-348 
Law of additive volume, 317, 344-348 
Law of corresponding states, 198-199, 
202-203 

Law of Thermodynamics, First, 47 
Second, 110 
Third, 396-397 
Leary, W A , 534 
Leduc’s law, 317 
Length, 2, 531 
Lewis, G , 402 
Lichty, L C , 648 
Liqind pumps, 62-64, 158-161 
Liquids, saturated, 148, 151 
subcooled, 151, 158 
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Liter, 533 
Load ratio, 471 
Logarithmic scale, 118-119 
Lower (net) heatmg value, 376-377 

M 

Mach number, 264 
MacLaurin’s senes, 269n. 

Manometer, 543-544 
Marks, L S , 283, 531, 540 
Mass, 2, 532 
Matthews, C S , 171 
Maximum work, 390, 393-395, 442—445, 
498-500 

Mean calorie and Btu, 33 
Mean effective pressure, brake, 454- 
455 

indicated, 95, 229, 454-455, 457 
Mechanical cycle, 229 
Mechanical efficiency, 237, 474 
Mechanical equivalent of heat, 33 
Mechanical fnction, 51, 60, 64, 85 
Mechazucal refrigeration, 498-514 
Mechanical work, 32, 50 
Membranes, semipermeable, 382-383 
Mercury, disadvantages of, m power 
cycle, 427 

in glass thermometer, 14, 544 
properties of, 540 
Mercury-vapor cycle, 425-428 
Metastable state, 147, 291-299 
Meter, 2 

Methyl chlonde, 607, Fig IV Appendix 
Miller, J G , 311 
Mixmg, adiabatic, 339-340 
increase of entropy m, 325 
of multiple streams, 339-340 
of perfect gases, 323-324 
Mixtures, compressibihty factors for, 
346-347 

of gas and vapor, 327-329, 339-340, 
341-342 

isentropic process for, 325-327 
partial pressures m, 177, 316, 330-331 
predicted pressure of, 344-349 
properties of, 320-322 
Mole, 182-183, 315, 360-361 
Mole fraction, 315 


Molecular weight, of mixture, 315-316 
tables of, 541 

Molher (hs) diagram, 162-163 
Monatomic gas, 184-186 
Moyer, J A , 527 
Mueller, E F , 539 

Multiple-stream steady-flow porcess, 
333-335 

mixmg of, 339-340 

Multistage compressor, 234-237, 510- 
614 

N 

Newton, R H , 200 
Newton’s law, 3 

Nonflow process, adiabatic, 52-63, 85- 
87, 101-103, 139-140 
constant-enthalpy, 216-218 
constant-internal-energy, 53-54 
constant-pressure, 51-52, 97-98, 123- 
124, 213-216 

constant-temperature (isothermal), 
53, 87-88, 121-122, 216-218 
constant-volume, 49-50, 123, 157, 
213-216 

irreversible, 51, 85-88, 131-132, 224- 
225, 323-324 

isentropic, 121-122, 222-223 
polytropic, 218-221 
reversible, 83-103 
reversible work of, 90-91 
Nonsteady-flow process, 39-41, 48, 302- 
307 

Normal correction, 167 
Nozzle, acoustic velocity m, 263-264 
approximate velocity equations for, 
269-270 

coefficient of discharge of, 277, 280 
coefficient of velocity of, 266 
condensation in, 297 
converging, 66-67, 256 
converging-diverging, 256 
correction factor for, 67, 253-254, 
276n 

critical throat pressure ratio of, 
258-259 

design of, 257, 279 
efficiency of, 265-266 
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Nozzle, energy equatione for, 67, 253- 
254, 269-270, 275 
flow, 279-280 

maximum discharge of, 276 
metastable flow m, 291-299 
minimum area of, 256 
pressure shock m, 264-265 
supersaturation m, 291—299 
throat of, 256 

variation of velocity, volume, and 
area m, 256 

variation of velocity and pressure m, 
262-265 

velocity distnbution in, 272-273 

0 

Ohm, 10 

Onnes equation, 195 
Open system, 27, 37-39, 54-73, 302-307 
work of, 95-97 

Onfice, AS ME Fluid Meters Report 
and, 284-286 
expansion factors for, 286 
flow coefficient for, 285 
inlet or discharge duct, 283 
mass flow rate of, 281, 292 
pressure taps for, 280-282 
rounded entrance, 292 
sharp-edged, 280-281 
vena contracta of, 280-281 
Orsat analyzer, 363-365 
Otto cycle, 464-468 
comparison with Diesel cycle, 472- 
474 

Otto engine, 461-464, 466, 474-475 
detonation in, 463 
Over-all efficiency, 238 

P 

Partial pressure, of component, 177, 316 
of vapor, 330-331 
Partial volumes, 317 
Path and point equations, 218-219 
Penrod, E B , 527 
Per cent clearance, 231 
Perfect gas {see Ideal gas) 

Perry, J H , 518, 531, 533 
Phase, :28, 147, 374 


Phase (Tp) diagram of water, 149-151 

Piezometer ring, 278 

Pipe sizes, 537 

Piston displacement, 95, 229 

Piston rings, 60 

Piston speed, 475 

Pitot tube, 288-291 

Planck, M , 109n 

Platinum resistance thermometer, 119 
Poly tropic heat capacity, 221 
Polytropic process, 218-221 
Poppet valve, 59 

Positive-displacement machine, 60, 64 
Potential difference, 10, 34 
Potential energy, 25, 34-35, 83 
Potentials, 28, 30, 110 
Potentiometer, 545 
Pound, 2, 531 
Pound mole, 183 
Poundal, 2, 531 
Power, definition of, 26 
units for, 8, 34, 57, 62, 532 
Pressure, absolute, 14, 176-177, 532 
atmospheric, 14, 632 
critical, 148, 160 
definition of, 13 
dynamic, 289 
gauge, 14, 542 
impact, 288-289 

law of additive, 177-178, 316, 344- 
348 

mean effective, 95, 229, 454-455, 457 
measurement of, 542-544 
partial, 177, 316, 330-331 
reduced, 199, 203 
relative, 239 

stagnation (total), 288-289 
units of, 532 
velocity, 289 
Pressure head, 270-272 
Pressure ratio, 258, 456 
Pressure shock, 264-265, 290 
Pressure-specific-volume (pv) diagram, 
91, 101-103 

of perfect gas, 218-219, 223-224 
of water, 152 

Pressure-specific-volume-temperature 
(pvT) surface, 147'-149 
Pressure taps, 280-282 
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PreBBure-volume diagram^ 93-94, 462, 
469 

Prime mover, 237 
Process, definition of, 28 

{See also Nonflow process, Non^ 
steady-flow process, Steady-flow 
process) 

Products of combustion, analysis of, 
363-370 

composition of, 359, 361 
dewpoint of, 365-366 
heat loss in, 362-363 
Properties, definition of, 28 
dependent, 29 
extensive, 28 

fundamental thermodynamic, 139 
independent, 29 
mtensive, 28 
pseudocntical, 200, 349 
reduced, 199, 203 
of refrigerants, 506-508 

{See also Tables and charts of 
properties) 

Psychrometer, 335 

Psychrometric chart, 338-344, Fig V 
Appendix 

Psychrometry, 330-334 
Pump, effectiveness of, 439—440 
efficiency of, 159 
heat, 112-113, 498-500, 519-524 
liquid, 62-64, 158-161 
work of, 61, 158-161 
pv diagram (see Pressure-specific-vol- 
ume diagram) 
pvT surface, 147-149 

Q 

Quahty of two-phase mixture, 153 
Quinn, E L , 171 

R 

Radiation, 31 
Randall, M , 402 
Rankine cycle, 410-414 
Ratio, air-fuel, 359 
compression, 242, 455 
expansion, 455 


Ratio, humidity, 331-332 
load, 471 
pressure, 456 
throat pressure, 258-259 
work, 406 

Reamer, H H , 345 
Reciprocating piston machmes, 58-61, 
236, 458-478 
Recovery factor, 287 
Rectifier, 518 

Reduced properties, 199, 203 
Refrigerants, comparison of, 505-508 
definition of, 498 
ideal, 506-507 
properties of, 507-508 
Refrigeration, absorption system of, 
517-519 

Carnot cycle for, 498-500 
cascade system of, 508-510 
coefficient of performance (cop) of, 
497, 519 

defimtion of, 497, 520 
horsepower per ton of, 497 
ton of, 497 
vacuum, 515-517 

vapor-compresaion cycle of, 500-517 
Regeneration, 475 

Regenerative cycle, 180-181, 419-425 
Bray ton (Joule), 483-485 
Ericsson, 478 
Stirhng, 475-477 

Regenerative feedwater heating, 419- 
425 

Regenerator, 476, 483—484 
efficiency of, 484 
Reheat cycle, 417-419, 487 
Reheater, 441-442 
Relative efficiency, 499 
Relative enthalpy, 375-376 
Relative humidity, 331 
Relative pressure, 239 
Relative velocity, 70 
Relative volume, 240 
Rettaliata, J T , 311, 494 
Reversed cycle for heatmg, 519-524 
Reversibihty, defimtions of, 84-90, 434- 
435 

external and internal, 90 
Reversible chemical reaction, 382-384 
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Reversible oombustiou engine, 459-400 
Reversible cycles, 111-113, 1 23-1 25, 
493^00 

efficiency of, 113, 125 
Reversible mixing process, 382-384 
Reversible processes, 83-100, 220-223, 
226-227, 230-231, 235-237, 242- 
243, SS2-~384:, 459-460 
and pv diagram, 91 
and Ts diagram, 130-131 
work of, nonflow system, 90-91, 434n 
steady-flow system, 95-97, 442-445 
Reynold's number, 18, 272-273 
Roots blower, 64 
Rossim, F C , 539 
Rotary compressor, 63-64 

S 

Sage, B H , 345 
Saturated gas, 328 
Saturated liquid, 148-151 
Saturated vapor, 149, 151, 328 
Saturation, adiabatic, 335-336 
Sawyer, R T , 494 
Saybolt Universal viscosity, 533 
Second (time), 2 

Second Law of Thermodynamics, 110 
analysis of, 431-442 
condenser, 441 
heater, 440-441 
pump, 439-440 
reheater, 441—442 
turbine, 437-439 

Semipermeable membranes, 382-383 
Sensible heat, 362-363 
Sensible mtemal energy, 371 
Shock, compression or pressure, 264^ 
265, 290 
Sink, 111 
Slug, 2, 531-532 
Solid phases of water, 150 
Spark igmtion engme (see Otto engme) 
Sparks, N R , 527 
Specific gas constant, 182, 641 
Specific gravity, 12, 536 
Specific heat (see Heat capacity) 

Specific humidity, 331-332 
Specific values, 28 


Specific volume, 12 
Specific weight, 12 
Spontaneous change, 138 
Sprenkle, R E , 280-283 
Stagnation pressure, 288-289 
Stagnation temperature, 286-287 
Standard acceleration of gravity, 2, 531 
Standard atmosphere, 14, 532 
Standard free energy change, 392-393 
Standard state, 374-375, 377, 383, 393 
Standard ton of refrigeration, 497 
State, corresponding, 198-199, 202-203 
dead, 83-84, 443-445 
definition of, 28 
equations of, 182, 195-196 
met£Lstable, 147, 291-299 
stable (equilibrium), 147-148 
standard, 373-375, 377, 383, 393 
steady, 56 

Steady flow, availability in, 389, 434- 
435, 442-445 

continuity equation for, 57 
definition of, 55 
friction in, 51 

general energy equations for, 47-49, 
56 

irreversibihty in, 89-90, 159, 224-225, 
265-269, 436-437 
kinetic energy of, 25, 83, 303 
multiple streams in, 48, 333-335, 
339-340 

reversibility of, 89-90 
reversible work of, 95-97, 389-395, 
436-437, 442-445 

throttling and turbulence in, 66-67, 
164-168 

Steady-flow process, 55-75 
adiabatic, 62-68, 70-72, 140-141, 
162-164 

companson of isothermal and isen- 
tropic, 226-227 
constant-enthalpy, 216-218 
constant-pressure, 98, 161, 213-216 
constant-specific volume, 213-216 
constant-temperature, 216-218, 226- 
227 

effectiveness of, 436-437 

irreversible, 224-226 

isentropic, 162-164, 222-223, 226-227 
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Steady-flow process, polytropic, 218- 

221 

throttling, 67-68, 164-168 
Steam, enthalpy of, at low pressures, 
338 

MoUier (ks) diagram for, 162-163 
phase (Tp) diagram for, 149-161 
properties of, 154-158 
pv diagram of, 152 
pvT surface for, 147-149 
quality of, 153 
Ts diagram for, 160-161 
viscosity of, 536 
Steam calorimeter, 164—168 
Steam condenser, 72-73, 299-300, 415n , 
441 

Steam cycles, 405-428 
Steam jet pump, 301-302 
Steam nozzle {see Nozzle) 

Steam pomt, 14, 115 
Steam rate, 429 
Steam tables, 154-158 
Steam turbine, 69-72 
Steiner, L E , 402 
Stirhng air engine, 475-477 
Stodola, A , 311 

Stored energy, 25-26, 39—41, 370-371 
Streamline flow, 272-273 
Stuart, M C , 144 
Su Gouq-Jen, 200n 
Subcooled liquid, 151, 158 
Subhmation, 161 
Sulphur dioxide, 608 
Supercharger, 474 
Superheated vapor, 151 
Superposition, 29-30 
Supersaturation, 29 1 -299 
Surface condenser, 72-73, 430w 
Surroundings, 27 
Sweigert, R L , 534 
System, boundaries of, 27 
closed, 27, 49-64, 74-76, 85-87, 90- 
91, 370, 390 
definition of, 26 
heterogeneous, 29 
homogeneous, 29 
isolated, 134-138 
open, 27, 37-39 
System equation, 138-139 


T 

Tables and charts of properties, abso- 
lute entropy, 551 

air, 238-243, 330, Figs. I, II, and 
IX Appendix 
ammoma, 552-553 
carbon dioxide, Fig III Appendix 
compressibility factors, Figs VII, 
VIII Appendix 
critical constants, 541 
equilibrium constants, Fig VI Ap- 
pendix 

free energy of formation, 551 
Freon F-I2, 554-555 
heat, of combustion, 371-374, 650 
of formation, 551 

heat capacities, 100, 189, 535, 537, 
549, Fig I Appendix 
internal energy, 547-548 
international temperatures^ 119 
mercury, 540 

methyl chloride, Fig IV Appendix 
psychrometnc chart, Fig V Ap- 
pendix 

steam, 154-158 
Taylor, E S , 534 

Temperature, absolute zero of, 114- 
115 

centigrade scale of, 14, 115, 149 
of combustion, 380-381 
conversion of scales, 632 
cnjtical, 148, 152 

definition of, 14, 34, 113-115, 178 
dew point, 330 
dry-bulb, 330 
energy scale of, 115-116 
Fahrenheit scale of, 14, 115, 149 
impact, 286-287 
international scale of, 119 
Kelvin scale of, 115-116 
logarithmic scale of, 118-119 
measurement of, 115, 181, 544-646 
perfect gas scale of, 181 
Rankine scale of, 115-116 
of sink, 111 
stagnation (total), 287 
thermodynamic, 115 
wet-bulb, 335 
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Temperature entropy diagram, of per- 
fect gas, 224 
of Tvater, 160-161 
Termmal difference, 423 
Theoretical air, 358 

Theoretical flame temperature, 380-381 
Thermal efficiency, definition of, 75 
maximum, 129 
Thermal equihbnum, 28, 147 
Thermocouple, 287-288, 545 
Thermodynamic coordmates, 139, 147 
Thermodynamic equilibrium, 28, 147 
Thermometer, gas, 181 
mercury-m-glass, 14, 544 
platinum resistance, 119 
stem, 166, 544-545 
wet-bulb, 336 

Third Law of Thermodynamics, 396- 
397 

Throttle (valve), 69, 463 
Throttling calonmeter, 164-168 
Throttling process, 67-68, 500 
Ton of refrigeration, 497 
Total pressure, 288-289 
Total temperature, 286-287 
Tp diagram (see Phase diagram of 
water) 

Tnple point, 148, 152 
Tubeaxial fan, 65 
Turbine, effectiveness of, 437-439 
efficiency of, 405 
extraction, 421 n 
gas, 478-490 
gas or steam, 69-72 
heat rate for, 428 
impulse, 69-70 
regenerative, 421 
reversible adiabatic, 162-164 
steam rate for, 429 

Turbulence, 64, 67, 86-87, 159, 265- 
269 

Turbulent flow, 272-273 
Two-stroke cycle, 475 

U 

Ultimate analysis, 319, 360 
Unavailable energy, 83-84, 110, 135- 
137, 437-^2 

relation to entropy, 131-138, 434-435 


Units, 1-15 

conversion of, 4, 531-533 
for density, 633 
for energy, 8, 26, 32-39, 632 
for entropy, 120 
for heat, 32-33, 532 
mternational electrical, 10, 532 
International Steam Table (IT), 33, 
532 

for power, 532 
for viscosity, 533 
for work, 32-33, 532 
Universal gas constant, 182 
explanation of, 538-539 

V 

Vacuum, 14 

Vacuum refrigeration, 515-517 
van der Waals^ equation, 190-192, 345- 
346, 542 

constants for, 194, 542 
critical values from, 194 
isothermals of, 192-194 
vanT Hoff equihbnum box, 382 
Vapor, compression cycle of refrigera- 
tion, 500-517 
critical pomt of, 150-151 
distmction from gas, 151 
Variable heat capacities, curves of, 
188-189, Fig I Appendix 
equations of, 100, 223, 534 
tables of, 535, 549 
Velocity, absolute, 69-70 
acoustic, 263-264 
coefficient of, 266 
definition of, 3 
mean, 57-58, 273 
measurement of, 288-291 
relative, 70 

Velocity diagram for turbine, 70 
Velocity distribution in nozzle, 256, 
262-265, 272-273 
Velocity head, 272 
Vena confrocto, 280-281 
Venturi, 90, 264-265, 278-279 
Vinal coefficients, 195 
Viscosity, conversion factors for, 533 
definitions of, 13 
values of, 536 
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Viscous flow, 272-273 
Volt, 10, 34 

Volume, law of additive, 3^17, 344-348 
partial, 317 
relative, 240 
specific, 12 

Volumetric analysis, 319 
Volumetric efl&ciency, 231-232, 474 

W 

Water {see Steam) 

Water gas reaction, 387 
Watt, 10, 34 
Weber, H C , 208, 449 
Weight, defimtion of, 11 
specific, 12 

Wet-bulb depression, 342-343 
Wet-bulb psychrometer, 336 
Wet-bulb temperature, 335 
Wet compression, 502 
Williams, V C, 171 
Wilson zone and line, 297-298 
Wire gauge, Birmingham, 537 
Work, of closed system, 90-91 


Work, convention of signs for, 47, 56, 
95, 102n , 129, 433-434 
definition of, 31 
electrical, 34 
flow, 37-39, 96n. 
frictional, 95 

heat equivalent of, 32-33, 538-539 
indicated, 95, 229 
and JpdVj 90-91, 101-103 
maximum, 390, 393-395 442-445, 
498-500 

mechanical, 32, 50 
net, 390-391 

of nonsteady-flow system, 303-307 
to pump hquid, 61-62, 158-161 
shaft, 95 

of steady-flow system, 95-97 
units for, 32-33, 532 
Work ratio, 406 
Working fluid, 85, 87, 111 

y 

Yamall, D R , 292 
Yellott, J 1 , 311 
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